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CONTRIBUTION TO THE THEORY OF THE 
TWO-PHASE BLOWDOWN PHENOMENON 

by 

M i c h a e l N. H u t c h e r s o n 

A B S T R A C T 

I s o t h e r m a l blowdown e x p e r i m e n t s have b e e n conduc ted 
in a 5 . 4 0 - f t ^ p r e s s u r e v e s s e l wi th an i n t e r n a l con f igu ra t ion s i m ­
i l a r to the d o w n c o m e r annu lus t y p i c a l of c u r r e n t p r e s s u r i z e d -
w a t e r - r e a c t o r d e s i g n s . The work i ng fluid w a s w a t e r , and the 
d e c o m p r e s s i o n s w e r e i n i t i a t ed f r o m a h i g h - p r e s s u r e , s t agnan t , 
s a t u r a t e d - l i q u i d s t a t e by b r e a k i n g a r u p t u r e d i sk in the e x h a u s t 
duc t . In add i t ion to a c a l i b r a t i o n r u n conduc ted with r o o m -
t e m p e r a t u r e w a t e r , t w o - p h a s e t r a n s i e n t s w e r e r e c o r d e d and 
a n a l y z e d wi th i n i t i a l p r e s s u r e s of 300 and 400 p s i a . 

The e x p e r i m e n t a l r e s u l t s show tha t choking o c c u r r e d 
only a t the ex i t of the e x h a u s t duct and tha t no a p p r e c i a b l e c o m ­
p r e s s i b l e effects w e r e e x p e r i e n c e d wi th in the v e s s e l du r ing the 
t r a n s i e n t . The v a p o r i z a t i o n p r o c e s s wi th in the v e s s e l a p p e a r s 
to be a s t r o n g funct ion of the s u r f a c e - t o - v o l u m e r a t i o for the 
coo lan t , and the p r i n c i p a l v a p o r - p r o d u c t i o n p r o c e s s e a r l y in 
the t r a n s i e n t i s one of t h e r m a l l y d o m i n a t e d vapo r bubb le s g r o w ­
ing in a l iquid m a t r i x . A c o m p a r i s o n of the e x p e r i m e n t a l r e s u l t s 
for the t r a n s i e n t , l a r g e - d u c t , c r i t i c a l flow r a t e s f r o m th i s in ­
v e s t i g a t i o n r e v e a l s an e x c e l l e n t c o m p a r i s o n with da t a of o the r 
s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l flow s t u d i e s a v a i l a b l e in the 
l i t e r a t u r e . 

S i m p l i s t i c , a n a l y t i c a l m o d e l s have b e e n deve loped to 
p r e d i c t the v e s s e l c h a r a c t e r i s t i c s du r ing a blowdown t r a n s i e n t . 
The a n a l y s i s i s b a s e d on t h e r m a l l y d o m i n a t e d bubble g rowth 
e a r l y in the t r a n s i e n t wi th the t r a n s i t i o n to the d i s p e r s e d l iquid 
p h a s e in a v a p o r m a t r i x , wi th a s u b s e q u e n t r e l a x a t i o n to equ i l i b ­
r i u m , at a void f r a c t i o n of ~0 .40 . 

I. INTRODUCTION 

T h i s s tudy i s c o n c e r n e d with the t w o - p h a s e d e c o m p r e s s i o n and a s s o ­
c i a t e d t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n a tha t o c c u r as the r e s u l t of a b r e a k 
in a h i g h - p r e s s u r e , h i g h - t e m p e r a t u r e s y s t e m . C r i t i c a l flow g o v e r n s the r a t e 
a t which fluid wi l l be d i s c h a r g e d f r o m a s y s t e m du r ing m o s t of a d e p r e s s u r ­
i z a t i o n and thus l a r g e l y c o n t r o l s the t i m e of b lowdown. The t w o - p h a s e c r i t i c a l -
flow p h e n o m e n o n h a s b e e n e x t e n s i v e l y i n v e s t i g a t e d ^ " " b e c a u s e of i t s r e l e v a n c e 



to nuc l ea r - r eac to r safety, foss i l - f i red boiler operation, t - b i n e operat ion, the 
operation of ref r igera t ion sys t ems , and the flow of cryogenic fluids. 

This study considers the effect of internal vesse l geometry on the inlet 
c o n d i t i o I " : o \ h e ^exhaust duct during the - - - t T c o C t : o n " : ^s^s il 
case is considered because of its re levance to the decompress ion pro 
a p r e s su r i zed -wa te r , n u c l e a r - r e a c t o r (PWR) sys tem. 

Nuc lea r - r eac to r safety has provided a large - P f ^ ^ f ^ ; f " - j f f , ^ 
tbP two-Dhase blowdown phenomenon m m o r e detail . The case oi a or 

Figures 1 and 2 i l lus t ra te the general configuration ot a ±-wi^ y 
location of a postulated break in an inlet duct to the reac to r vesse l . 

The break is considered to occur in the inlet duct of the p r i m a r y loop 
to the r L c t o r vesse l for two principal r ea sons . F i r s t , ^^ecause the mle^ fluid 
to the reac tor vesse l is at a lower t empera tu re than the outlet fl^^d it will 
s t a r t to fUsh at a lower p r e s s u r e , and it will be l e s s compress ib le d - m g the 
early period of the decompression. Thus, the exhaust flow ra te ear ly m the 
blowdown from a break in the inlet line would be grea te r than that from the 
outret line Second, for a break in the inlet line, the flow in the r eac to r vesse l . 
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Fig. 1. Schematic of Flow Path due to Break in PWR Cold Leg. ANL Neg. No. 900-4862. 
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Fig. 2. Schematic Flow Path in a Two-loop System due to Break 

in PWR Cold Leg. ANL Neg. No. 900-4860 Rev. 1. 

and p a r t i c u l a r l y in the c o r e , h a s to r e v e r s e flow d i r e c t i o n to e x h a u s t f r o m the 
i n l e t . T h i s p e r i o d of fluid d e c e l e r a t i o n , s t agna t ion , and r e v e r s a l d e t e r m i n e s 
when c r i t i c a l h e a t flux (CHF) i s r e a c h e d loca l ly . After C H F h a s been r e a c h e d , 
the f u e l - c l a d d i n g t e m p e r a t u r e wi l l i n c r e a s e . T h e s e a r e the two p r i m a r y r e a ­
sons for c o n s i d e r i n g the in le t b r e a k as c o m p a r e d to the ou t le t b r e a k in a L o s s 
of Coolan t A c c i d e n t (LOGA). 

The v a r i a b l e s of i n t e r e s t du r ing t w o - p h a s e b lowdown a r e the c h a r a c ­
t e r i s t i c s of the t r a n s i e n t c o o l a n t - d i s c h a r g e p h e n o m e n o n , which d e t e r m i n e the 
flow r a t e f r o m the s y s t e m and the p r e s s u r e h i s t o r y wi th in the s y s t e m . F r o m 
a r e a c t o r sa fe ty and l i c e n s i n g v iewpoin t , q u e s t i o n s a r e con t inua l ly be ing p o s e d 
r e g a r d i n g (1) the app l i cab i l i t y of the a v a i l a b l e t w o - p h a s e c r i t i c a l - f l o w m o d e l s 
and e x p e r i m e n t a l da t a to the p o s t u l a t e d a c c i d e n t . (2) the p o s s i b i l i t y and m a g ­
n i tude of n o n e q u i l i b r i u m t h e r m o d y n a m i c s t a t e s d u r i n g blowdown, and (3) the 
p o s s i b i l i t y of s e c o n d a r y choking l o c a t i o n s wi th in the s y s t e m . T h u s , to a s s e s s 
the effects of a d e c o m p r e s s i o n t r a n s i e n t upon a g iven s y s t e m , a d e t a i l e d knowl ­
edge of the fluid b e h a v i o r wi th in the s y s t e m dur ing the blowdown is r e q u i r e d . 

T h i s i n v e s t i g a t i o n w a s u n d e r t a k e n to e x a m i n e t r a n s i e n t , t w o - p h a s e 
c r i t i c a l flow f r o m a s m a l l p r e s s u r e v e s s e l con ta in ing i n t e r n a l g e o m e t r y for 
a d o u b l e - e n d e d , gu i l lo t ine b r e a k in a r e l a t i v e l y l a r g e duc t . 

The o b j e c t i v e s of th i s i n v e s t i g a t i o n w e r e to d e t e r m i n e the fo l lowing: 

1. The effect of i n t e r n a l v e s s e l g e o m e t r y on the d e c o m p r e s s i o n 
t r a n s i e n t . In o t h e r w o r d s , does choking o c c u r wi th in the s y s t e m ? What m a g ­
n i tude of p r e s s u r e d i f f e rence e x i s t s b e t w e e n the v a r i o u s s e c t o r s of the s y s t e m 
du r ing the blowdown? Is the p r e s s u r e i m m e d i a t e l y u p s t r e a m of the i n l e t to 
the b r e a k s ign i f i can t ly d i f fe ren t f r o m the p r e s s u r e i n s i d e the i n t e r n a l r e g i o n 
of the v e s s e l ? I s t h e r e a n o n u n i f o r m flow d i s t r i b u t i o n p r o d u c e d a n y w h e r e 
wi th in the v e s s e l du r ing the d e p r e s s u r i z a t i o n ? 
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2. The thermodynamic state of the fluid remaining within the v e s s e l 

during the blowdown. 

3. Transient , two-phase c r i t i ca l flow as compared to s t eady-s t a t e , 

two-phase cr i t ica l flow. 

4. Two-phase c r i t i ca l flow in l a rge ducts as compared to two-phase 

c r i t i ca l flow in smal l ducts. 
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The blowdown phenomenon in a sys tem that initially contains a liquid 
at an elevated thermodynamic state can generally be divided into a subcooled 
liquid r eg ime , which is quite short , and a two-phase reg ime, which compr i se s 
mos t of the decompress ion. The following discussion will p r imar i ly addres s 
the two-phase reg ime of blowdown and the basic phenomena associated with 
it, such as c r i t i ca l flow.^"" It will deal with work that appeared in the l i t e r a ­
ture since the la t ter par t of the 1950's. A survey ar t ic le on two-phase blow-
down and cr i t i ca l flow by Simon^* dealt p r imar i ly with European work. The 
l i t e r a tu re cited in this chapter is summar ized in Table I. 

TABLE I. Summary of Li te ra ture on Tw^o-phase Blowdown 

1971 

1972 

1973 

1975 

Year 

1955 

1959 

1960 

1962 

1966 

1968 

1969 

1970 

Analytical 

Harris^^ 

Nahavandi^" 

Margolis and Redfield^' 
Moody*' 

Moore and Rettig 
Goulding 

Moody'*^ 
Nahavandi'''' 

Wilburn*^ 

Experimental 

LOFT and S e m i s c a l e " ' ' ' 

Etheimer 

Humboldt B a y " 

Bodega B a y " 

Chen and Isbin 
Fugle et al. 
T a g a m i " 
Ungerer'' ' ' 

^ 68 

Carzaniga 

White ̂ ^ 
Allemann et al. 
Gallagher^' 

Hoppner 50 Hoppner^" 
Battelle Institut""' '^ 
Allemann et al.^ ' 
Simon^* 

Rudiger^" 
Shimamune et al. 
Tokumitsu^^ 

Bettis FLASK Experiment*^ 
Choi"^ 

Banerjee et al. 
Leung *5 

A. Analytical Investigations 

H a r r i s " performed blowdown analyses dealing p r imar i ly with a vesse l 
of initially stagnant, sa tura ted liquid, and the Benjamin-Miller^^ and A l l en" 
re la t ions were used to descr ibe the break flow ra te . Thermodynamic equilib­
r ium of the remaining fluid inside the vesse l was assumed to exist during the 
decompress ion . To my knowledge, this was the f i rs t recognition of the effect 
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of the b r e a k flow a r e a on p h a s e s e p a r a t i o n wi th in the v e s s e l . S e p a r a t e d and 
u n i f o r m f l o w - r e g i m e b lowdowns w e r e a n a l y z e d , and i t w a s conc luded t h a t 
t h e s e c a l c u l a t i o n s would b r a c k e t the a c t u a l b lowdown even t . It w a s f u r t h e r 
conc luded tha t , for the m o r e p r o b a b l e s m a l l b r e a k s , the s e p a r a t e d flow a n a l y s i s 
would l ike ly be the m o s t va l id . 

Nahavandi^^ f o r m u l a t e d a 2 5 - f i n i t e - e l e m e n t , l u m p e d - p a r a m e t e r c o m ­
p u t e r code to c a l c u l a t e the r e s p o n s e of a f o u r - l o o p , P W R s y s t e m to a d o u b l e -
ended , gui l lo t ine b r e a k in one of the p r i m a r y flow l o o p s . The r e m a i n i n g fluid 
wi th in the v e s s e l w a s a s s u m e d to a lways be u n i f o r m l y d i s p e r s e d . The code 
did not accoun t for the r e l a t i v e m o t i o n b e t w e e n the v a p o r and l iquid p h a s e s , 
no r did i t i nc lude a n e u t r o n - k i n e t i c s a n a l y s i s of the a c c i d e n t . The a n a l y s i s 
a s s u m e d a o n e - d i m e n s i o n a l , q u a s i - s t e a d y - s t a t e cond i t ion du r ing the t r a n s i e n t , 
no h e a t t r a n s f e r to or f r o m the coo lan t enve lope , and no h e a t e x c h a n g e to the 
coo lan t when p a s s i n g t h r o u g h the p u m p s . 

M a r g o l i s and Redfield^^ f o r m u l a t e d the f i r s t v e r s i o n of the F L A S H 
c o m p u t e r code to s i m u l a t e the subcoo led l iquid and t w o - p h a s e r e g i m e s of a 
blowdown t r a n s i e n t . M o o r e and Rett ig^" deve loped a s i m i l a r c o m p u t e r code , 
R E L A P . In both c o d e s , the cont inu i ty , m o m e n t u m , and e n e r g y e q u a t i o n s w e r e 
f o r m u l a t e d in i n t e g r a l f o r m for p r e s c r i b e d c o n t r o l v o l u m e s which m a d e up the 
e n t i r e s y s t e m . The t w o - p h a s e c r i t i c a l - f l o w f o r m u l a t i o n p r e s e n t l y e m p l o y e d 
in both the FLASH and R E L A P codes i s the Moody^ m o d e l . 

Moody^' p r o p o s e d a m o d e l for c a l cu l a t i ng the r e s p o n s e of a s y s t e m to 
a d e p r e s s u r i z a t i o n f r o m an in i t i a l l y s t agnan t , e l e v a t e d p r e s s u r e - t e m p e r a t u r e 
fluid condi t ion . In f o r m u l a t i n g the t w o - p h a s e blowdown m o d e l , he c o n s i d e r e d 
a s t r a i g h t exhaus t duct wi th c o n s t a n t flow a r e a , ad i aba t i c w a l l s , and l iquid 
f r i c t ion at the w a l l s of the duct . He a l s o a s s u m e d tha t the l iquid and v a p o r 
p h a s e s w e r e in t h e r m o d y n a m i c e q u i l i b r i u m at a l l flow s e c t i o n s in the duc t , and 
tha t t h e r e w a s no s l ip b e t w e e n the l iquid and v a p o r p h a s e s r e m a i n i n g wi th in 
the blowdown v e s s e l . The blowdown a n a l y s i s c o n s i d e r e d an a d i a b a t i c , c o n s t a n t -
vo lume r e s e r v o i r con ta in ing a u n i f o r m l y d i s t r i b u t e d , l i q u i d - v a p o r m i x t u r e in 
t h e r m o d y n a m i c e q u i l i b r i u m . By s i m u l t a n e o u s l y solving the con t inu i ty and 
e n e r g y equa t ions , he d e t e r m i n e d a r e l a t i o n for the p r e s s u r e h i s t o r y i n s i d e the 
v e s s e l . Th i s was u s e d to d e t e r m i n e the s y s t e m r e s p o n s e to s a t u r a t e d l iqu id , 
s a t u r a t e d v a p o r , and u n i f o r m l y d i s t r i b u t e d t w o - p h a s e - m i x t u r e b l o w d o w n s . The 
m o d e l p r o d u c e d the b e s t r e s u l t s when pipe f r i c t ion d o m i n a t e d . It w a s s u g g e s t e d 
tha t if g e o m e t r i c flow r e s i s t a n c e s w e r e p r e d o m i n a n t , an equ iva l en t l eng th of 
pipe b a s e d on i n c o m p r e s s i b l e - f l o w c o n s i d e r a t i o n s should be u s e d to p r o d u c e 
an equ iva len t flow r e s i s t a n c e in o r d e r to p r e d i c t the blowdown r a t e . The c a l ­
cu la ted flow r a t e s u n d e r p r e d i c t e d l o w - q u a l i t y flows and o v e r p r e d i c t e d h igh -
qual i ty f lows. 

Goulding"*^ a n a l y z e d the d e c o m p r e s s i o n p h e n o m e n o n f r o m an i n i t i a l l y 
h i g h - e n e r g y , subcooled l iquid s t a t e , down th rough the subcoo led d e c o m p r e s s i o n 
r e g i m e , and on to the t w o - p h a s e blowdown r e g i m e . V a r i o u s p e r t i n e n t p h y s i c a l 
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o b s e r v a t i o n s w e r e m a d e c o n c e r n i n g the t r a n s i t i o n in to the t w o - p h a s e d e c o m ­
p r e s s i o n r e g i m e . The m e t h o d of c h a r a c t e r i s t i c s w a s u s e d to so lve the t h r e e 
q u a s i - l i n e a r , h y p e r b o l i c d i f f e r en t i a l e q u a t i o n s tha t d e s c r i b e d the s y s t e m 
r e s p o n s e . The a n a l y s i s a s s u m e d o n e - d i m e n s i o n a l t h e r m o d y n a m i c e q u i l i b r i u m , 
i s e n t r o p i c , n o n s t e a d y flow (which i n h e r e n t l y a c c o u n t e d for the fluid i n e r t i a ) , 
and a c o u s t i c effects at the i n i t i a t i on of the t r a n s i e n t . The effects of t r a n s i e n t 
f luid f r i c t i o n w e r e c o n s i d e r e d to be e s s e n t i a l l y the s a m e a s s t e a d y - s t a t e f r i c ­
t i on e v a l u a t e d at the s a m e Reyno lds n u m b e r . Dur ing the t w o - p h a s e p o r t i o n of 
the t r a n s i e n t , t w o - p h a s e f r i c t i o n w a s a c c o u n t e d for b a s e d on a l l - l i q u i d , s i n g l e -
p h a s e flow modi f i ed wi th the L o c k h a r t - M a r t i n e l l i r e l a t i o n . The effects of h e a t 
e x c h a n g e b e t w e e n the fluid and the fluid enve lope w e r e d i s r e g a r d e d , and the 
t w o - p h a s e fluid w a s a s s u m e d to be h o m o g e n e o u s l y m i x e d a t a l l t i m e s and 
l o c a t i o n s . The a n a l y s i s a l s o inc luded the effect of f l o w - a r e a c h a n g e s . The 
a n a l y s i s w a s app l ied to s o m e of the i n i t i a l s e m i s c a l e e x p e r i m e n t s , and the 
c o m p a r i s o n of m e a s u r e d and c a l c u l a t e d r e s u l t s w a s r e a s o n a b l y good for the 
i n i t i a l l y h i g h - p r e s s u r e , subcoo led l iquid p e r i o d of the d e c o m p r e s s i o n for which 
the a n a l y s i s w a s a p p l i c a b l e . The d e c o m p r e s s i o n t i m e s of the s i t ed e x p e r i m e n ­
t a l r u n s w e r e s i m i l a r to t h o s e of the p r e s e n t s tudy, about 3 s e c . Of the 3 - s e c 
b lowdown t i m e , the subcoo led d e c o m p r e s s i o n p e r i o d l a s t e d for about the f i r s t 
10 m s e c , and then the t w o - p h a s e choked and unchoked r e g i m e s took up the b a l a n c e 
of the b lowdown t i m e . The a n a l y s i s w a s unab le to p r e d i c t the u p s t r e a m p r e s s u r e 
u n d e r s h o o t be low the bulk s a t u r a t i o n p r e s s u r e s e e n in the e x p e r i m e n t a l r e s u l t s 
b e c a u s e of the t h e r m o d y n a m i c - e q u i l i b r i u m a s s u m p t i o n u s e d in f o r m u l a t i n g the 
m o d e l . H o w e v e r , the a n a l y s i s w a s ab le to p r e d i c t t he i n c r e a s e in the e x h a u s t -
duc t ex i t p r e s s u r e du r ing the t r a n s i t i o n p e r i o d into the t w o - p h a s e r e g i m e . 

Moody^^ p r o p o s e d a m o d e l to c a l c u l a t e the l i q u i d - v a p o r ac t ion in a 
p r e s s u r e v e s s e l du r ing an ad i aba t i c b lowdown. The p a r a m e t e r s of p r i m a r y 
i n t e r e s t w e r e the h i s t o r y of the t w o - p h a s e - m i x t u r e l e v e l and the l o c a l fluid 
p r o p e r t i e s in the v e s s e l . The a s s u m p t i o n s u s e d in the naodel w e r e ( l ) t h e r m o ­
d y n a m i c e q u i l i b r i u m , (2) u n i f o r m p r e s s u r e d i s t r i b u t i o n t h roughou t the v e s s e l 
a t any g iven t i m e , (3) u n i f o r m d i s t r i b u t i o n of the ne t r a t e of v a p o r f o r m a t i o n 
in the l iqu id p h a s e , excep t at po in t s of l o c a l h e a t i n g , (4) u n i f o r m t i m e - d e p e n d e n t 
m i x t u r e p r o p e r t i e s at a g iven e l eva t ion , and (5) c o n s t a n t a v e r a g e b u b b l e - r i s e 
s p e e d r e l a t i v e to the l iqu id . Moody conc luded tha t c a l c u l a t e d r e s u l t s fit t he 
da ta b e s t when the a n a l y s i s u s e d a b u b b l e - r i s e speed of 0 .5 - 1.0 f t / s e c . When 
the b u b b l e - r i s e s p e e d w a s 1.0 f t / s e c , the m i x t u r e l e v e l r e a c h e d i t s m a x i m u m 
h e i g h t in 2 0 - 2 5 s e c . Since the i n i t i a l l iquid l eve l in the v e s s e l for the da t a 
be ing c o m p a r e d to w a s about 20 ft, i t w a s r e a s o n e d tha t the m i x t u r e a p p a r e n t l y 
s w e l l e d un t i l the qua l i ty o r void f r a c t i o n w a s suff ic ient ly h igh to p e r m i t a 
v a p o r - s e p a r a t i o n r a t e f r o m the s u r f a c e tha t w a s e s s e n t i a l l y equa l to the v a p o r -
blowdown r a t e f r o m the v e s s e l for the c a s e of a top b lowdown. Moody a l s o 
c o n c l u d e d tha t if the v a p o r - b l o w d o w n r a t e e x c e e d e d the v a p o r s e p a r a t i o n r a t e 
f r o m the s u r f a c e , the m i x t u r e l e v e l would r i s e . 

Nahavandi^"^ ex t ended h i s p r e v i o u s ana lys i s ' ' ^ of a LOCA by c o n s i d e r i n g 
the v a r i o u s flow r e g i m e s tha t m a y e x i s t in the v a r i o u s c o m p o n e n t s of the 
r e a c t o r s y s t e m ; the n e u t r o n i c s a s p e c t s of such an a c c i d e n t w e r e a l s o i n c l u d e d . 



He conc luded tha t the p r e s e n t c r i t i c a l - f l o w m o d e l s w e r e d e v e l o p e d and v e r i f i e d 
u n d e r s t e a d y - s t a t e flow cond i t i ons and. t h e r e f o r e , a r e not a p p l i c a b l e in a t r a n ­
s i e n t a n a l y s i s . 

One ob jec t ive of the p r e s e n t s tudy w a s to d e t e r m i n e if t r a n s i e n t , t w o -
p h a s e c r i t i c a l flow i s any d i f fe ren t f r o m s t e a d y - s t a t e , t w o - p h a s e c r i t i c a l flow. 
Two s e m i s c a l e e x p e r i m e n t a l r u n s wi th d i f fe ren t i n i t i a l s t a g n a t i o n p r e s s u r e s 
and d i f fe ren t e x h a u s t flow a r e a s w e r e a n a l y z e d . The c o m p a r i s o n of the p r e s ­
s u r e s and t e m p e r a t u r e s w a s r e a s o n a b l y good. An a t t e m p t w a s m a d e to a c c o u n t 
for the n o n e q u i l i b r i u m n a t u r e of the fluid fur ing the i n i t i a t i on of the t r a n s i e n t 
when the p r e s s u r e u n d e r s h o o t s the bulk s a t u r a t i o n p r e s s u r e . M e t a s t a b i l i t y 
c o r r e c t i o n t e r m s w e r e d e r i v e d f r o m the e x p e r i m e n t a l r e s u l t s , and t h e s e 
b r o u g h t the n u m e r i c a l and e x p e r i m e n t a l r e s u l t s into b e t t e r a g r e e m e n t . 

Wilburn^^ p e r f o r m e d an a n a l y t i c a l i n v e s t i g a t i o n in to the l i q u i d - v a p o r 
a c t i o n i n s i d e a v e s s e l du r ing b lowdown. The p h e n o m e n o n w a s a s s u m e d to be 
o n e - d i m e n s i o n a l in n a t u r e . The c o m p l i c a t e d p r o b l e m of bubb le f o r m a t i o n w a s 
i d e a l i z e d by a s s u m i n g a l l the bubb le s w e r e f o r m e d u n i f o r m l y t h r o u g h o u t the 
v e s s e l in such a m a n n e r t ha t they i n s t a n t a n e o u s l y a t t a i n e d a t e r m i n a l r i s e 
s p e e d . The i n v e s t i g a t i o n c e n t e r e d on the q u e s t i o n s of the p o s i t i o n of the i n t e r ­
face b e t w e e n the h igh - and l o w - d e n s i t y f lu ids , and the v e r t i c a l v o i d - f r a c t i o n 
p r o f i l e . The n u m e r i c a l s i m u l a t i o n e m p l o y e d two e m p i r i c a l p a r a m e t e r s : 
the d i s c h a r g e coeff ic ient and the b u b b l e - r i s e speed . The d i s c h a r g e coeff ic ient 
w a s d e t e r m i n e d t h rough i t e r a t i o n by b e s t f i t t ing the c a l c u l a t e d s t a g n a t i o n -
p r e s s u r e h i s t o r y to the m e a s u r e d s t a g n a t i o n - p r e s s u r e h i s t o r y . The b u b b l e -
r i s e speed u s e d w a s a b e s t g u e s s , and the r e s u l t i n g l i q u i d - v a p o r m o d e l w a s 
then i n c o r p o r a t e d into the B U R P c o m p u t e r code . The c a l c u l a t e d r e s u l t s for 
the s y s t e m p r e s s u r e h i s t o r y w e r e s l igh t ly h i g h e r than t h o s e c a l c u l a t e d by 
Moody for a b o t t o m blowdown,^^ and they w e r e e s s e n t i a l l y equa l to the c a l c u ­
l a t ed r e s u l t s f r o m F L A S H - 2 for a m i d d l e blowdown.^^ They c o r r e s p o n d e d 
wel l wi th the C o n t a i n m e n t S y s t e m E x p e r i m e n t (CSE)^^"^^ da t a for a top b low-
down. The B U R P - c a l c u l a t e d r e s u l t s for the foam l e v e l e s s e n t i a l l y c o r r e ­
sponded with Moody's"^^ c a l c u l a t e d r e s u l t s in m a g n i t u d e , bu t v a r i e d in 
i n s t a n t a n e o u s s lope for a b o t t o m blowdown. They c o r r e s p o n d e d c l o s e l y wi th 
the F L A S H - 2 predictions '*^ for a m i d d l e b lowdown; they a l s o a g r e e d r e a s o n a b l y 
wel l wi th the CSE'*''"^'' da ta for a m i d d l e blowdown. They w e r e s l igh t ly be low 
the F L A S H - 2 predictions '*^ for a top blowdown, and d e m o n s t r a t e d good a g r e e ­
m e n t with the CSE'*''"^'' da ta for a top b lowdown. The p r e d i c t i o n s of the flow 
r a t e f r o m the b r e a k by the B U R P and F L A S H - 2 c o d e s w e r e wi th in 10% for a 
m i d d l e blowdown. The p r e d i c t i o n s of the two c o d e s for the m a s s of the r e ­
m a i n i n g fluid in the v e s s e l for a m i d d l e blowdown a l s o a g r e e d wi th in 10%. 
Moody conc luded tha t the a s s u m p t i o n of a l i n e a r v o i d - f r a c t i o n p r o f i l e in the 
r e m a i n i n g fluid w a s not va l id for a l l t y p e s of b lowdowns . The a s s u m p t i o n of 
a l i n e a r or c o n s t a n t v o i d - f r a c t i o n p ro f i l e in the r e m a i n i n g fluid led to a s a t i s ­
f ac to ry p r e d i c t i o n of the foam l e v e l by the l u m p e d - p a r a m e t e r c o d e s for a 
m i d d l e and bo t tom blowdown, but s i m i l a r a g r e e m e n t w a s not s e e n for a top 
blowdown. 
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Hoppner^° a n a l y z e d the v a r i o u s d e c o m p r e s s i o n r e g i m e s tha t e x i s t 
d u r i n g a blowdown t r a n s i e n t . The n u m e r i c a l s i m u l a t i o n t e c h n i q u e f o r m u l a t e d 
the con t inu i ty and e n e r g y equa t ions for f ini te e l e m e n t s of the s y s t e m u s i n g 
l u m p e d p a r a m e t e r s to c h a r a c t e r i z e each c o n t r o l v o l u m e . The s i m u l a t i o n , a 
c o m p u t e r code n a m e d DYLOC. c a l c u l a t e d the s p a t i a l and t r a n s i e n t t h e r m o ­
d y n a m i c s t a t e s and flows in e a c h c o n t r o l v o l u m e of the s y s t e m . When the c a l ­
c u l a t e d r e s u l t s for the t e m p e r a t u r e r e s p o n s e w e r e c o m p a r e d to the m e a s u r e d 
v a l u e s , the b e s t c o m p a r i s o n w a s effected for a s i m u l a t i o n us ing four e l e m e n t s 
and a d i s c h a r g e coeff ic ient in the Moody^ c r i t i c a l - f l o w m o d e l of 0 .625. T h i s 
c o m p a r i s o n w a s only good for about the f i r s t o n e - t h i r d of the t i m e a f t e r the 
t e m p e r a t u r e had d r o p p e d f r o m i t s i n i t i a l , n e a r l y c o n s t a n t v a l u e . 

B a n e r j e e e ta l .^^ u s e d the C a n a d i a n - d e v e l o p e d c o m p u t e r code R O D F L O W 
to p r e d i c t the t h e r m a l - h y d r a u l i c r e s p o n s e of t h e i r e x p e r i m e n t a l s y s t e m d u r i n g 
a d e c o m p r e s s i o n t r a n s i e n t . In t h i s code , t he con t inu i ty , m o m e n t u m , and e n e r g y 
e q u a t i o n s a r e f o r m u l a t e d in f i n i t e - d i f f e r e n c e f o r m , and the flow i s c o n s i d e r e d 
to be o n e - d i m e n s i o n a l . The p r o g r a m c o n s i d e r s t r a n s i e n t flow boi l ing with the 
l iqu id and vapo r p h a s e s in t h e r m a l e q u i l i b r i u m . The l o c a l void f r a c t i o n i s 
d e t e r m i n e d by c o n s i d e r i n g s l ip b e t w e e n the l iquid and v a p o r p h a s e s , and the 
m.odified M a r t i n e l l i - N e l s o n t w o - p h a s e f r i c t i o n m o d e l i s u s e d . The 
h o m o g e n e o u s - e q u i l i b r i u m and H e n r y - F a u s k e ^ t w o - p h a s e c r i t i c a l flow m o d e l s 
w e r e u s e d to c a l c u l a t e the c r i t i c a l flow r a t e f r o m the s y s t e m . The code p r e ­
d i c t i on of the m e a s u r e d p r e s s u r e h i s t o r y w a s r e a s o n a b l y good, but i t fa i led 
to c a l c u l a t e the o b s e r v e d u n d e r s h o o t of the s y s t e m p r e s s u r e be low the s a t u ­
r a t i o n p r e s s u r e b e c a u s e of the a s s u m p t i o n of t h e r m o d y n a m i c e q u i l i b r i u m . 
The d r o p in the s y s t e m p r e s s u r e be low the s a t u r a t i o n p r e s s u r e w a s a t t r i b u t e d 
to a d e l a y in bubble n u c l e a t i o n . B e c a u s e of the a s s u m p t i o n of t h e r m o d y n a m i c 
e q u i l i b r i i i m , the p r e d i c t e d void f r a c t i o n w a s a l so g r e a t e r than the m e a s u r e d 
v a l u e . The m e a s u r e d and c a l c u l a t e d r e m a i n i n g m a s s wi th in the s y s t e m c o m ­
p a r e d r e a s o n a b l y we l l , and the p r e d i c t i o n of when c r i t i c a l h e a t f lux o c c u r r e d 
w a s f a i r l y good. The m e a s u r e d p r e s s u r e and r e m a i n i n g m a s s w e r e b e s t p r e ­
d i c t e d when the h o m o g e n e o u s - e q u i l i b r i u m m o d e l r a t h e r t han the H e n r y - F a u s k e 
c r i t i c a l - f l o w m o d e l w a s u s e d . The p r e d i c t e d p r e s s u r e and r e m a i n i n g m a s s 
w e r e e s s e n t i a l l y i ndependen t of w h e t h e r the t w o - p h a s e f r i c t i on w a s d e t e r m i n e d 
f r o m the mod i f i ed M a r t i n e l l i - N e l s o n o r h o m o g e n e o u s m o d e l s . 

B . E x p e r i m e n t a l I n v e s t i g a t i o n s 

S t a r t i ng about 1955, the Na t iona l R e a c t o r T e s t i n g S ta t ion (NRTS in 
Idaho (now the Idaho Na t iona l E n g i n e e r i n g L a b o r a t o r y ) began l a r g e - s c a l e 
e x p e r i m e n t a l s i m u l a t i o n s of the LOCA. The f i r s t e x p e r i m e n t a l p r o g r a m tha t 
c o n s i d e r e d the LOCA in p a r t i c u l a r w a s the Safety T e s t E n g i n e e r i n g P r o g r a m 
( S T E P ) . The u l t i m a t e p l an in the LOCA e x p e r i m e n t a l s e r i e s i s to p e r f o r m 
such a t e s t in a s m a l l - s c a l e , P W R s y s t e m ( L O F T ) . 

To gain p r e l i m i n a r y u n d e r s t a n d i n g of the fluid d y n a m i c s , t h e r m o ­
d y n a m i c s , and h e a t t r a n s f e r of such a d e c o m p r e s s i o n , the s e m i s c a l e e x p e r i ­
m e n t a l s e r i e s w a s i n i t i a t e d . The p u r p o s e of t h i s e x p e r i m e n t i s to s i m u l a t e 



the LOFT system geometry without the actual fuel and then to study the sys tem 
response during a LOCA. A more detailed explanation of the problem and 
p rog ram definition and some of the exper imental and numer ica l r e su l t s is 
given in Refs. 52-61. 

To my knowledge, the f i rs t sys temat ical ly executed blowdown exper i ­
mental p rog ram was that performed on a ful l -scale . l/48 segment of the 
Pacific Gas and E lec t r i c . Humboldt B a y " p r e s s u r e - s u p p r e s s i o n containment 
vesse l in I960. The blowdown system was a vesse l containing initially s tag­
nant, sa turated water at 1250 psia. The t rans ien ts were initiated by failing 
one of the rupture disks of a two-disk sys tem on the end of the 54-in -dia 
exhaust duct. The decompress ions were from a bottom location m the blow-
down vesse l , and the vesse l had no in ternal s t ruc ture in it. Various orif ices 
were used to produce different r a t e s of flow decay, but the instantaneous flow 
ra te from the sys tem was not measured . 

In 1962, blowdown tes t s were performed on a ful l -scale , 1/112 segment 
of the Bodega Bay^^ nuclear power plant. These t e s t s were s imi lar to the 
Humboldt Bay runs . The blowdown vesse l and exhaust duct were figured m a 
s imi lar manner , except that the exhaust duct was a 12i - in . -d ia pipe. The tests 
were also initiated in a manner s imi lar to that in the previous exper iment . 
The system consisted of a blowdown vesse l containing an initially stagnant 
fluid. Both saturated and slightly subcooled liquid initial stagnation conditions 
were generated before the decompress ions were initiated, and the initial stag­
nation p r e s s u r e in all the runs was 1250 psia. Both nozzles and orif ices were 
used to produce the des i red flow-decay r a t e s ; however, the instantaneous flow 
rate was not measured . 

Chen and Isbin^ conducted two-phase cr i t ical-f low tes t s in a vesse l and 
manner s imilar to the present study. The hardware used was a p r e s s u r e vessel 
which was 16 in. in inside diameter and 5 ft̂  in volume. The maximum oper­
ating condition of the facility was about 215-psia sa turated water , and both 
s teady-s ta te and t ransient runs were performed. The vesse l and associa ted 
hardware were suspended from a weight t ransducer , and the thrus t was moni­
tored with another load cell . Various p r e s s u r e s and t empera tu re s were also 
recorded. Single-phase all-l iquid cal ibrat ion runs were performed to check 
the sys tem-ins t rumenta t ion response . The tes t s were initiated by breaking a 
single rupture disk which contained the entire system p r e s s u r e , and the runs 
were performed with diverging and also cons tant -d iameter exhaust ducts. All 
the tubes had a sharp entrance, and the exit of the constant d iameter ducts was 
a 180° divergence. The experimental resu l t s compared well with those of 
Fauske.^' ' ' A large degree of nonequilibrium existed in the liquid jet as it 
accelerated from an initially near ly saturated liquid state through the short 
tubes. 

The data also indicated that the superheated liquid jet const r ic ted to a 
vena contracta before it began to break up. It was deduced from the exper i ­
mental resul t s that an exit quality of only about half the exit equil ibrium quality 
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e x i s t e d in the t e s t s . In the r a p i d l y d i v e r g i n g t u b e s , s i n c e the ax i a l p r e s s u r e 
d i s t r i b u t i o n w a s n e a r l y c o n s t a n t , the c r i t i c a l e x i t - p l a n e p r e s s u r e r a t i o w a s 
t a k e n to be the r a t i o of the m e a s u r e d ax i a l p r e s s u r e to the in le t s t a g n a t i o n 
p r e s s u r e . In the c o n s t a n t - d i a m e t e r s h o r t t u b e s , the c r i t i c a l p r e s s u r e r a t i o 
w a s t a k e n to be the a v e r a g e p r e s s u r e t h a t e x i s t e d ove r the u p s t r e a m half of 
the tube to the in le t s t a g n a t i o n p r e s s u r e . T h i s was done b e c a u s e of the r a p i d 
ex i t d i v e r g e n c e . As the d i v e r g e n c e ang le of the t a p e r e d t u b e s d e c r e a s e d , the 
c r i t i c a l p r e s s u r e r a t i o b e c a m e m o r e a funct ion of the in l e t s t a g n a t i o n p r e s s u r e . 

F o r a l l the t u b e s , the c r i t i c a l flow r a t e could be c a l c u l a t e d wi th good 
a c c u r a c y wi th the i n c o m p r e s s i b l e m o m e n t u m equa t ion when the p r o p e r ex i t o r 
b a c k p r e s s u r e w a s u s e d . A m o d e l w a s f o r m u l a t e d to c a l c u l a t e the b a c k p r e s ­
s u r e in the t a p e r e d t u b e s . It a s s u m e d a t w o - d i m e n s i o n a l flow f ie ld, a l iqu id 
c o n t r a c t e d a r e a of 0.61 of the to t a l i n i t i a l flow a r e a a t the e n t r a n c e p l a n e , a 
t u r b u l e n t b o u n d a r y l a y e r on the o u t e r p e r i m e t e r of the j e t , and v a p o r g e n e r a t e d 
only a t the l iquid j e t s u r f a c e . E n t r a i n m e n t w a s n e g l e c t e d , and the flow w a s 
c o n s i d e r e d to be h o m o g e n e o u s . The c a l c u l a t e d c r i t i c a l flow r a t e s w e r e l e s s 
t han the m e a s u r e d v a l u e s ; the p r e d i c t e d exi t o r b a c k p r e s s u r e s w e r e h i g h e r 
t h a n the m e a s u r e d p r e s s u r e s , m a k i n g the c a l c u l a t e d t h r u s t g r e a t e r t han the 
m e a s u r e d t h r u s t . The da t a f r o m th i s e x p e r i m e n t i n d i c a t e d tha t for a c o n s t a n t 
l e n g t h - t o - d i a m e t e r ( L / D ) r a t i o for a s h o r t t ube , the c r i t i c a l flow r a t e i n c r e a s e d 
s l igh t ly as the d i a m e t e r of the duc t d e c r e a s e d . Th i s i s in c o n t r a s t to F a u s k e ' s 
o b s e r v a t i o n tha t , for a c o n s t a n t L / D of a s h o r t tube , the c r i t i c a l flow r a t e in ­
c r e a s e s and the c r i t i c a l p r e s s u r e r a t i o d e c r e a s e s wi th i n c r e a s i n g d i a m e t e r 
of the duc t . 

F u g i e et al.^^ and Tagami^^ m e a s u r e d the flow r a t e s of i n i t i a l l y s a t u ­
r a t e d w a t e r and t w o - p h a s e s t e a m - w a t e r m i x t u r e s t h rough o r i f i c e s 0 .394-
2.756 in . in d i a m e t e r for i n i t i a l s t a g n a t i o n p r e s s u r e s f r o m 150 to 1000 p s i a 
f r o m a o n e - t e n t h - m o d e l r e a c t o r - p r e s s u r e - v e s s e l d e c o m p r e s s i o n s y s t e m . 
The blowdown v e s s e l w a s a c y l i n d e r which w a s 2 ft in i n s i d e d i a m e t e r and 
10 ft t a l l , and i t s i n t e r n a l v o l u m e w a s about 31 ft^. T h e r e w e r e e x h a u s t p o r t s 
at both the b o t t o m and top of the v e s s e l , but m o s t of the b lowdowns w e r e p e r ­
f o r m e d f r o m the b o t t o m p o r t . The m a s s flow r a t e f r o m the s y s t e m w a s ind i ­
r e c t l y m e a s u r e d with a load ce l l f r o m which the b lowdown v e s s e l and i t s 
c o n t e n t s w e r e s u s p e n d e d . F o r the b o t t o m b lowdowns , the l e v e l of the r e m a i n i n g 
fluid in the v e s s e l w a s m o n i t o r e d with a d i f f e ren t i a l p r e s s u r e t r a n s d u c e r . The 
void f r a c t i o n in the e x h a u s t duct w a s m e a s u r e d wi th a s o l e n o i d - t y p e void 
t r a n s d u c e r . 

In the i n i t i a l t w o - p h a s e r u n s , the c r i t i c a l flow r a t e d e c r e a s e d a s the 
o r i f i c e d i a m e t e r i n c r e a s e d . Th i s w a s a t t r i b u t e d to an e x c e s s i v e a m o u n t of 
s t e a m being swep t into the e x h a u s t a r e a . When the Moody^ p r e d i c t i o n s w e r e 
c o m p a r e d to the m e a s u r e d r e s u l t s , the p r e d i c t e d flow r a t e s had to be c o r r e c t e d 
to a c c o u n t for the effect of the e x h a u s t flow a r e a on the flow r a t e . F o r the 
s m a l l o r i f i c e s , of 0 .394- in . d i a m e t e r , the Moody m o d e l c o n s i d e r a b l y u n d e r -
p r e d i c t e d the m e a s u r e d flow r a t e s b e c a u s e the in l e t q u a l i t i e s w e r e v e r y s m a l l 
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and the a s s u m p t i o n of t h e r m o d y n a m i c e q u i l i b r i u m in the m o d e l w a s not va l i d 
in th i s r a n g e . The Moody m o d e l p r e d i c t e d the flow r a t e s t h r o u g h the 1 .181-in . -
d ia o r i f i c e r e l a t i v e l y w e l l . As the o r i f i c e d i a m e t e r w a s i n c r e a s e d to 2.756 m . , 
the Moody p r e d i c t i o n s e x c e e d e d the m e a s u r e d flow r a t e s b e c a u s e of the i n ­
c r e a s e d in l e t q u a l i t i e s and o v e r p r e d i c t e d s l ip r a t i o s . 

E t h e i m e r . ^ ^ Ungere r ,^^ and Carzan iga .^^ conduc t ed s i m i l a r b lowdown 
e x p e r i m e n t s to s tudy the effect of the v e s s e l and e x h a u s t - d u c t g e o m e t r y on the 
c r i t i c a l flow r a t e f r o m the s y s t e m . C y l i n d r i c a l p r e s s u r e v e s s e l s w e r e u s e d 
and the b lowdowns w e r e f r o m b o t t o m e x h a u s t p o r t s . The e x p e r i m e n t a l r e s u l t s 
i n d i c a t e d t h a t for given in i t i a l s t a g n a t i o n cond i t i ons and L / D of the e x h a u s t 
duc t , the m e a s u r e d c r i t i c a l flow r a t e i n c r e a s e d a s the r a t i o of the e x h a u s t -
duc t flow a r e a to the i n t e r n a l - v e s s e l flow a r e a d e c r e a s e d . F o r a given L/D of 
the e x h a u s t duct and r a t i o of the d i s c h a r g e to v e s s e l flow a r e a , the c r i t i c a l 
flow r a t e a l s o i n c r e a s e d a s the L / D of the v e s s e l i n c r e a s e d for t h e s e b o t t o m 
b lowdowns . The d i a m e t e r of the p r e s s u r e v e s s e l i t se l f did not s ign i f i can t ly 
effect the b lowdown. All the c h a r a c t e r i s t i c s of the b lowdown v e s s e l g e o m e t r y 
tha t w e r e conduc ive to i n c r e a s i n g the c r i t i c a l flow r a t e b a s i c a l l y p e r m i t t e d 
adequa t e t i m e for s ign i f ican t p h a s e s e p a r a t i o n to o c c u r wi th in the v e s s e l . This 
left fluid of l ower qua l i ty than the bulk l iquid of u n i f o r m l y d i s t r i b u t e d qual i ty 
in the l o w e r r e g i o n of the v e s s e l f r o m w h e r e i t w a s d i s c h a r g e d a t a r a t e g r e a t e r 
than the h o m o g e n e o u s c r i t i c a l flow r a t e . The c r i t i c a l flow r a t e d e c r e a s e d as 
the L/D of the exhaus t duct i n c r e a s e d , a l l o t h e r p a r a m e t e r s be ing c o n s t a n t . 
The flow a p p r o a c h e d a h o m o g e n e o u s - e q u i l i b r i u m flow a s the l eng th of the 
d i s c h a r g e duct i n c r e a s e d suff ic ient ly . 

White^'' conduc ted blowdown t e s t s of i n i t i a l , t w o - p h a s e , s t e a m - w a t e r 
m i x t u r e s t h rough a tube 15 ft long and of 0.62 1-in. i n s i d e d i a m e t e r ( L / D = 290). 
Th i s w a s a c o n s i d e r a b l y l onge r e x h a u s t duct than had been p r e v i o u s l y u s e d . 
The flow r e g i m e tha t was e s t a b l i s h e d in the i n i t i a l , s t e a d y - s t a t e , flowing s y s ­
t e m w a s a t w o - p h a s e , annu la r flow p a t t e r n which i s c h a r a c t e r i s t i c of BWR 
cond i t i ons . The s t e a d y - s t a t e in i t i a l q u a l i t i e s and void f r a c t i o n s r a n g e d f r o m 
0.08 to 0.31 and f r o m 0.64 to 0.87, r e s p e c t i v e l y , and the o p e r a t i n g , s t e a d y -
s t a t e in i t i a l s y s t e m p r e s s u r e s w e r e 485 and 1002 p s i a . An e x p a n s i o n wave 
p r o p a g a t e d away f r o m the b r e a k , and the fluid e x h a u s t e d d u r i n g the f i r s t 
100 m s e c of the t r a n s i e n t w a s r e c o r d e d . The expans ion wave f ron t s p r o p a g a t e d 
away f r o m the b r e a k at 1520- 1570 f t / s ec , a speed tha t w a s n e a r l y i ndependen t 
of the i n i t i a l p r e s s u r e and qual i ty . The fluid d i s c h a r g e d wi th in the f i r s t 
100 m s e c could be p r e d i c t e d b e t t e r wi th the h o m o g e n e o u s - c r i t i c a l - f l o w m o d e l 
than an a n n u l a r - c r i t i c a l - f l o w mode l .^ even though the i n i t i a l , s t e a d y - s t a t e flow 
r e g i m e was an annu la r flow p a t t e r n . 

A l l e m a n n et al.^° p e r f o r m e d a b lowdown e x p e r i m e n t s i m u l a t i n g a LOCA 
in both P W R and BWR s y s t e m s . The b lowdowns w e r e f r o m the b o t t o m of a 
17-f t -h igh, 3-2-ft ID, 150-ft^ c y l i n d r i c a l v e s s e l . The d e s i g n p r e s s u r e and t e m ­
p e r a t u r e of the s y s t e m w e r e 2750 ps ig and 650°F, and the d i s c h a r g e duc t w a s a 
6 i | _ i n . - I D c i r c u l a r p ipe . The exi t of the e x h a u s t duct w a s equipped wi th an 
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o r i f i c e a r r a n g e m e n t so the ex i t flow a r e a could be c h a n g e d f r o m 0,0156 ft 
to full open at 0.253 ft^. A d o u b l e - r u p t u r e - d i s k s y s t e m on the end of the ex ­
h a u s t duc t i n i t i a t ed the d e c o m p r e s s i o n s . The b lowdowns w e r e s t a r t e d wi th 
the v e s s e l full of n e a r l y s a t u r a t e d w a t e r t h a t r a n g e d f r o m 6800 to 7000 Ib^^. 
The i n i t i a l s t a g n a t i o n cond i t ions r a n g e d f r o m 600 to 2500 p s i g and 70 to 600°F . 

T r u e subcoo led d e c o m p r e s s i o n s w e r e not e x p e r i e n c e d in the A l l e m a n n 
e t a l . t e s t s b e c a u s e n i t r o g e n g a s , wh ich w a s u s e d to p r e s s u r i z e the s y s t e m 
d u r i n g h e a t u p . c a m e out of so lu t ion b e f o r e the s a t u r a t i o n p r e s s u r e w a s r e a c h e d . 
The m e a s u r e m e n t s of the t w o - p h a s e c r i t i c a l flow r a t e w e r e a l s o s u s p e c t 
b e c a u s e of the effect of the n i t r o g e n gas in so lu t ion . E x p e r i m e n t a l r e s u l t s 
w e r e ob ta ined for p r e s s u r e , t e m p e r a t u r e , i n t e r f a c e betw^een the h igh - and 
l o w - d e n s i t y f lu ids , flow r a t e , void f r a c t i o n , t h r u s t , and l o c a l s t r u c t u r a l 
s t r e s s e s . The i n t e r f a c e b e t w e e n the h igh - and l o w - d e n s i t y f luids w a s m e a s u r e d 
wi th a t i m e - d o m a i n r e f l e c t o m e t e r . Both the r e m a i n i n g fluid we igh t and the 
t h r u s t w e r e m o n i t o r e d with s t r a i n - g a u g e load c e l l s , and the void f r a c t i o n in 
the e x h a u s t duct w a s d e t e r m i n e d with a n e u t r o n d e t e c t o r . 

The p r i m a r y q u e s t i o n s of i n t e r e s t d u r i n g the 20 t e s t s w e r e an e v a l u a t i o n 
of the i n t e r f a c e b e t w e e n the h igh - and l o w - d e n s i t y f lu ids , and a d e t e r m i n a t i o n 
of the v e r t i c a l v o i d - f r a c t i o n p r o f i l e . T h e r m o d y n a m i c e q u i l i b r i u m of the r e ­
m a i n i n g fluid w a s r e p o r t e d to e x i s t for the m a j o r p o r t i o n of the t w o - p h a s e 
p e r i o d of the b lowdown. The qua l i ty of the exhaus t i ng fluid i n c r e a s e d a s the 
r a t i o of the b r e a k flow a r e a to the i n t e r n a l - v e s s e l flow a r e a i n c r e a s e d , and 
a l s o as the i n i t i a l s t a g n a t i o n t e m p e r a t u r e i n c r e a s e d . 

Gal lagher^* p e r f o r m e d a blowdown e x p e r i m e n t wi th an a i r - w a t e r shock 
tube . The 2 - i n . - I D tube r a n g e d in l eng th f r o m 6 to 17 ft. The l o w - p r e s s u r e 
c h a m b e r was a c y l i n d r i c a l v e s s e l . 8 ft long and of 4 2 - i n . i n s i d e d i a m e t e r . The 
d e c o m p r e s s i o n s w e r e i n i t i a t e d by b r e a k i n g g l a s s r u p t u r e d i s k s , which w e r e 
l /4 to 3/8 in. th ick . The i n i t i a l s t agna t i on cond i t ions of the d r i v e r fluid w e r e 
300-2000 p s i g , 4 0 0 - 6 0 0 ° F , and 0-75% void f r ac t i on . The p a r a m e t e r s i n v e s t i ­
ga ted w e r e i n i t i a l s t a g n a t i o n fluid cond i t ion , s i z e and loca t ion of the b r e a k , 
s h a p e and l oca t i on of v a r i o u s flow o b s t r u c t i o n s , the l eng th of the d r i v e r t u b e , 
h e a t add i t ion to the fluid d u r i n g the b lowdown. and the effect of an e x t e r n a l 
c i r c u l a t i n g loop . 

One of the p r i m a r y o b j e c t i v e s of the i n v e s t i g a t i o n w a s to s tudy the 
load ing on s i m u l a t e d v e s s e l i n t e r n a l s du r ing the subcoo led l iquid and e a r l y 
p o r t i o n s of the t w o - p h a s e r e g i m e s of the blowdown. The effect of flow o b s t r u c ­
t i ons such a s r o d s o r bund l e s of r o d s i n c r e a s e d the d e c o m p r e s s i o n t i m e , and 
o b s t r u c t i o n s tha t i m p o s e d r a t h e r s m a l l f l o w - a r e a c o n s t r i c t i o n s w e r e not s e ­
v e r e l y l o a d e d . When the o b s t r u c t e d flow a r e a w a s g r e a t e r than about 70% of 
the r e m a i n i n g u n o b s t r u c t e d flow a r e a , the l o a d s e x e r t e d on such an o b s t r u c t i o n 
b e c a m e s ign i f i can t . When the l o c a l c o n s t r i c t e d flow a r e a w a s c o n s i d e r a b l y 
l a r g e r t han a n y w h e r e d o w n s t r e a m , choking o c c u r r e d a t the u p s t r e a m 
c o n s t r i c t i o n . 



30 

F o r a l a r g e d o w n s t r e a m b r e a k a r e a c o m p a r e d to an u p s t r e a m unob-_ 
s t r u c t e d flow a r e a , t h e r e w a s a p p r e c i a b l e load ing on the u p s t r e a m o b s t r u c t i o n 
d u r i n g the subcoo led l iquid and for a m a j o r p o r t i o n of the t w o - p h a s e r e g i m e 
of the d e c o m p r e s s i o n . When the d o w n s t r e a m flow a r e a w a s a s s m a l l a s o r 
s m a l l e r t h a n ' t h e u p s t r e a m u n o b s t r u c t e d flow a r e a , the flow choked d o w n s ^ ^ - m 
of the o b s t r u c t i o n , and a s m a l l e r load w a s e x e r t e d on the u p s t r e a m o b s t r u c t , o 
I t w a s conc luded tha t the load e x e r t e d on a flow o b s t r u c t i o n did not s ign i f i can t ly 
i n c r e a s e wi th i n c r e a s e d length of the o b s t r u c t i o n . When the o b s t r u c t i o n w a s a 
r o d o r a bundle of r o d s , w h e t h e r or not the r o d s w e r e h e a t e d m a d e no s ign i f i -
c a n t d i f f e r ence . 

The B a t t e l l e Inst i tute^^ '^^ conduc ted a b lowdown e x p e r i m e n t to s i m u l a t e 
d e c o m p r e s s i o n t r a n s i e n t s in both BWR and P W R s y s t e m s . The t e s t s w e r e _ 
p r i m a r i l y d i r e c t e d a t u n d e r s t a n d i n g the s a t u r a t e d p o r t i o n of the d e c o m p r e s s i o n 
wi th v e r y s i m p l e o r no i n t e r n a l s t r u c t u r e i n s i d e the b lowdown v e s s e l . The 
v e s s e l s had m a n y e x h a u s t - p o r t l o c a t i o n s , but the d e c o m p r e s s i o n s w e r e p r i ­
m a r i l y f r o m e x h a u s t p o r t s s l ight ly above the m i d p l a n e of the v e s s e l s , and 
t h e r e w e r e no i n t e r n a l r o d s o r o b s t r u c t i o n s in the v e s s e l s . The p r e l i m i n a r y 
s t age of the e x p e r i m e n t a l p r o g r a m w a s p e r f o r m e d wi th 6 - i n . - I D , 2 1 - 5 1 - i n -
h igh g l a s s , c y l i n d r i c a l p r e s s u r e v e s s e l s . The d i s c h a r g e duc t s w e r e of 0 .6-
and 1 0- in i n s i d e d i a m e t e r and w e r e 5-15 in . long. The i n i t i a l t e s t s w e r e 
p e r f o r m e d wi th 4 5 - p s i a s a t u r a t e d w a t e r , and s u b s e q u e n t r u n s wen t to about 
6 6 0 - p s i a s a t u r a t e d w a t e r . Dur ing the blowdown, h i g h - s p e e d m o t i o n p i c t u r e s 
w e r e t aken of the flow r e g i m e s e s t a b l i s h e d i n s i d e the g l a s s v e s s e l s and m the 
e x h a u s t duct . The p a r a m e t e r s m e a s u r e d dur ing the d e c o m p r e s s i o n s w e r e the 
p r e s s u r e and t e m p e r a t u r e of the r e m a i n i n g fluid i n s i d e the v e s s e l . The p a r a ­
m e t r i c s tudy inc luded v a r y i n g the i n i t i a l w a t e r l e v e l in the v e s s e l , the in i t i a l 
s t agna t ion p r e s s u r e i n s ide the v e s s e l , the he igh t of the v e s s e l , the d i a m e t e r 
of the d i s c h a r g e duct , and the d i a m e t e r of the o r i f i ce t ha t w a s u s e d a t the end 
of the exhaus t duct to c o n t r o l the flow d e c a y . 

The second p a r t of the i n v e s t i g a t i o n u s e d a 3 2 - i n . - I D , 13- f t -h igh . s t e e l 
c y l i n d r i c a l v e s s e l , which con ta ined i n t e r n a l s t r u c t u r e . The o p e r a t i n g cond i ­
t ions of the t e s t s p e r f o r m e d with th i s v e s s e l w e r e a s h igh a s 1 0 3 0 - p s i a s a t u ­
r a t e d w a t e r . The d i s c h a r g e duct w a s 5.906 in. in d i a m e t e r and 244 in . long 
( L / D = 41). The da ta f r o m t h e s e t e s t s w e r e in good a g r e e m e n t wi th the t r e n d s 
o b s e r v e d in the r u n s wi th the g l a s s p r e s s u r e v e s s e l . In the t e s t s p e r f o r m e d 
with an in i t i a l ly p a r t i a l l y full v e s s e l of w a t e r , a s h o r t de l ay w a s d e t e c t e d b e ­
tween the t i m e the r u p t u r e d i s k s b r o k e and the t i m e the i n t e r n a l - v e s s e l p r e s ­
s u r e r e c o v e r e d to n e a r l y the in i t i a l s a t u r a t i o n p r e s s u r e . Such a d e l a y w a s not 
ev iden t in the r u n s with an in i t i a l ly n e a r l y full v e s s e l of w a t e r . The foam 
l e v e l i n s ide the v e s s e l r o s e at about 20 f t / sec t o w a r d the d i s c h a r g e duc t . No 
p r o n o u n c e d h a m m e r effect w a s d e t e c t e d in the t w o - p h a s e s y s t e m when the 
d i s c h a r g e duct w a s r a p i d l y c l o s e d once flow had b e e n e s t a b l i s h e d . No s ign i ­
f ican t p r e s s u r e d i f f e r ences w e r e e s t a b l i s h e d b e t w e e n the v a r i o u s r e g i o n s of 
the i n t e r n a l s t r u c t u r e in the v e s s e l du r ing the d e c o m p r e s s i o n s . The m a x i m u m 
p r e s s u r e d i f fe rence be tween the v a r i o u s i n t e r n a l r e g i o n s w a s about 14.5 p s i . 



The t h i r d p a r t of the e x p e r i m e n t a l p r o g r a m w a s d i r e c t e d at s i m u l a t i n g 
bo th BWR and P W R in i t i a l c o n d i t i o n s . A 3 1- in . - ID, 36 - f t -h igh s t e e l c y l i n d r i c a l 
p r e s s u r e v e s s e l , wi th no i n t e r n a l s t r u c t u r e w a s u s e d . The o p e r a t i n g cond i t i ons 
in t h i s v e s s e l w e r e f r o m 1045- to 1925 -ps i a s a t u r a t e d w a t e r and t w o - p h a s e 
s t e a m - w a t e r m i x t u r e s . The e x h a u s t duc t s w e r e of 1.969- and 5 .709- in . i n s i d e 
d i a m e t e r , 8 .858-11 .204 in. long, wi th L / D r a t i o s of 1 .656-4.50. Both the i n i ­
t i a l l y s u b c o o l e d l iquid and t w o - p h a s e d e c o m p r e s s i o n s exh ib i t ed n e a r l y the s a m e 
b e h a v i o r , excep t a t the v e r y f i r s t of the b lowdown. T h i s w a s the s a m e o b s e r ­
va t ion m a d e by F u g i e et al.^^ and Tagami .^^ T h e r m o d y n a m i c e q u i l i b r i u m of the 
r e m a i n i n g fluid i n s i d e the v e s s e l e x i s t e d for m o s t of the d e c o m p r e s s i o n . F o r 
m o s t of the blowdown, the foam l e v e l r e m a i n e d a t a p p r o x i m a t e l y the e l e v a t i o n 
of the d i s c h a r g e duct . M o r e p r o n o u n c e d s e p a r a t i o n of the l iquid and v a p o r 
p h a s e s e x i s t e d for s m a l l e r d i s c h a r g e a r e a s r e l a t i v e to the i n t e r n a l - v e s s e l flow 
a r e a . 

A l l e m a n n et al.^' ' p e r f o r m e d 2 1 b lowdown t e s t s s i m i l a r to t hose d e s c r i b e d 
in Ref. 70. The e x p e r i m e n t a l f ac i l i ty w a s the s a m e a s d e s c r i b e d in Ref. 70, 
e x c e p t w h e r e no ted . The in i t i a l s t a g n a t i o n cond i t ions w e r e 869-2165 p s i a and 
4 9 6 - 6 0 1 ° F . The a m o u n t of w a t e r con t a ined in the blowdown v e s s e l a t the t i m e 
of r u p t u r e w a s 3400-7400 I b ^ . The e x h a u s t duc t s w e r e 0 .815, 1.687, 3 .438, 
and 5.188 in. in i n s i d e d i a m e t e r , and the L / D of the duc t s v a r i e d f r o m 1 to 15. 
The b lowdowns w e r e e x e c u t e d f r o m top , m i d d l e , and b o t t o m e x h a u s t p o r t s . A 
s i e v e - p l a t e s e p a r a t o r in the blowdown v e s s e l d ivided i t into an u p p e r and l o w e r 
r e g i o n . It w a s i n s t a l l e d in the v e s s e l to s i m u l a t e the r e s i s t a n c e the flow would 
e x p e r i e n c e when p a s s i n g t h r o u g h the c o r e s t r u c t u r e in a p r o t o t y p i c g e o m e t r y . 

The s a m e e x p e r i m e n t a l m e a s u r e m e n t s w e r e r e c o r d e d in t h e s e t e s t s a s 
in the p r e v i o u s runs ,^° excep t t ha t the v o i d - f r a c t i o n m e a s u r e m e n t w a s o m i t t e d 
in p l a c e of m e a s u r i n g the m o v e m e n t of the s i e v e p l a t e in t h e s e r u n s . The s y s ­
t e m w a s aga in p r e s s u r i z e d wi th n i t r o g e n gas du r ing the e n t i r e h e a t u p p e r i o d , 
and the fluid w a s aga in in a s t a g n a n t s t a t e a t the in i t i a t ion of the d e c o m p r e s ­
s i o n s . The d i s s o l v e d n i t r o g e n gas m a d e the d e m i n e r a l i z e d w a t e r s ign i f i can t ly 
c o m p r e s s i b l e and a p p r e c i a b l y a l t e r e d the b lowdown c h a r a c t e r i s t i c s in a l l 
r e g i m e s . T h i s i s c o n s i s t e n t wi th the p r e v i o u s r e m a r k s c o n c e r n i n g the effect 
of d i s s o l v e d gas on the r e s u l t s in Ref. 70. The length of the e x h a u s t duct h a d 
l i t t l e effect on the m e a s u r e d c r i t i c a l flow r a t e s for s i m i l a r i n i t i a l s t a g n a t i o n 
c o n d i t i o n s . O r i f i c e s on the end of the e x h a u s t duct w e r e aga in u s e d to c o n t r o l 
t he b r e a k flow a r e a f r o m 0.0156 ft^ to full open a t 0.253 ft^. When the Moody^ 
c r i t i c a l - f l o w m o d e l w a s u s e d to p r e d i c t the c r i t i c a l - f l o w - r a t e da t a , the d i s ­
c h a r g e coef f ic ien t (C^) r e q u i r e d to ob ta in a r e a s o n a b l e c o m p a r i s o n b e t w e e n 
the m e a s u r e d and p r e d i c t e d h i s t o r i e s r a n g e d f r o m 0.6 to 1.09. The r e q u i r e d 
C(j to effect a r e a s o n a b l e c o m p a r i s o n a l s o d e c r e a s e d for i n c r e a s i n g b r e a k s i z e . 
The p o s i t i o n of the i n t e r f a c e b e t w e e n the h igh- and l o w - d e n s i t y f luids could 
be p r e d i c t e d r e a s o n a b l y we l l wi th a c o n s t a n t - b u b b l e - r i s e m o d e l when the 
" p r o p e r " C^ w a s u s e d . 

The a m o u n t of w a t e r r e m a i n i n g in the v e s s e l a f te r the d e c o m p r e s s i o n 
w a s l e s s t han tha t p r e d i c t e d by the F L A S H - 2 code ,* and the d i f f e r ence b e t w e e n 
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the calculated and measu red remaining liquid increased for blowdowns from 
successively lower exhaust por ts from the vesse l . The L / D of the exhaust 
duct had significantly l e s s effect on the c r i t i ca l flow ra te than that predic ted 
by the Moody model.^^ The forces exer ted on the sieve plate during the decom­
press ion were much less than the predic ted values . The s ieve-pla te response 
did not match the calculated wave fo rms , nor did the predic ted deflection of the 
sieve plate occur. 

Hoppner'" performed an exper imental investigation into the var ious 
decompress ion reg imes that exist during a blowdown t rans ien t . The exper i ­
mental portion of the study was performed in a 4-ft-long, 1.5-in.-ID ver t i ca l 
shock tube in which the maximum init ial condition was 74 psia and 270 F d is ­
tilled water . The system was p r e s s u r i z e d to 74 psia with ni trogen gas and 
then was electr ical ly heated to 270°F. The blowdown was init iated by breaking 
a rupture disk at the upper end of the shock tube. During the decompress ion , 
the p r e s s u r e was monitored at three axial locat ions, the t empera tu re of the 
remaining fluid was measured , and the bubble nucleation, growth, and flow-
regime development were observed with a high-speed (3000-frame/sec) 
motion-picture camera . Four distinct s tages of decompress ion were observed 
in these blowdowns: (1) F r o m 0 to about 10 m s e c , the sys tem near ly dep res ­
surized as a s ingle-phase, all-l iquid fluid; (2) for about 10- 100 m s e c , the 
in te rna l -vesse l p r e s s u r e dropped slightly below the bulk saturat ion p r e s s u r e , 
causing the liquid to superheat about 10°F, and vapor nucleation was generated; 
(3) from about 100 msec to some t ime tc , the fluid in the blowdown ves se l was 
a two-phase mixture , and the exhaust flow ra te from the tes t section was con­
trol led by two-phase cr i t ica l flow at the exit; (4) for t > t^, the two-phase flow 
from the sys tem was subcr i t ical until the flow ceased. 

The la rges t bubbles observed during nucleation were about 0.007 in. in 
d iameter . When the sys tem contained more internal surface a rea , m o r e nucle­
ation occurred, and the in te rna l -vesse l p r e s s u r e regained more rapidly. There 
was normally a short delay of about 2 msec from the t ime the rupture disk 
failed to when a bubble f i rs t appeared. The smal les t detectable bubble size 
was about 0.002 in. in d iameter , so the delay of 2 msec could have been the 
time required for the nuclei to have grown to 0.002-in. d iamete r . After about 
2 msec , bubbles appeared on the surface, collapsed, r eappeared at the same 
location, grew slightly, decreased in size somewhat, and finally grew rapidly. 

This osci l la tory motion of the bubbles, which occur red for about 10msec. 
was attributed to the effect of the strongly reflected p r e s s u r e waves on the 
growing nuclei. At about 10 m s e c , the bubbles changed shape from spheres to 
nearly oblate spheroids . It was concluded that for few and smal l nuclei the 
system p r e s s u r e would dec rease sufficiently below the saturat ion p r e s s u r e 
to provide a la rge liquid superheat , which would promote fast bubble growth. 
For more and la rger nuclei, the superheat would be l e s s ; therefore the bubble 
growth ra te would not be as rapid. Nucleation. bubble growth, and an evolving 
bubbly-flow pat tern was observed in the tes t section for 0 < t < 100 m s e c . For 
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100 < t < 300 m s e c , bubble c o a l e s c e n c e , n u c l e a t i o n , and t r a n s i t i o n to i r r e g u l a r l y 
s h a p e d l a r g e bubb l e s o c c u r r e d . Th i s w a s fol lowed by an i r r e g u l a r , v io l en t , 
s lugg ing m o t i o n , l o c a l flow r e v e r s a l , and chugg ing . The f inal flow r e g i m e w a s 
m o r e v io l en t and i r r e g u l a r when t h e r e w e r e l e s s in i t i a l s u r f a c e - n u c l e a t i o n 
s i t e s . 

Rudiger^" p r e s e n t e d the r e s u l t s of s o m e b o t t o m blowdown t e s t s p e r ­
f o r m e d by the Ba t t e l l e I n s t i t u t in G e r m a n y f r o m a v e s s e l t ha t had no i n t e r n a l 
g e o m e t r y . The v e s s e l , which w a s s u s p e n d e d f r o m a load c e l l , w a s a c y l i n d e r 
36 ft 8 in . t a l l of 3 1-in. i n s i d e d i a m e t e r ; i t had a 5 . 9 0 6 - i n . - I D e x h a u s t duc t , 
which w a s about two d i a m e t e r s long. The i n t e r n a l v o l u m e of the v e s s e l w a s 
abou t 183 ft^, and the m a x i m u m o p e r a t i n g cond i t ions of the a p p a r a t u s w e r e 
2350 p s i a and 570°F. T h e r e w e r e s ix d i f fe ren t v e r t i c a l l e v e l s on the v e s s e l 
f r o m which the b lowdowns could be p e r f o r m e d . 

By c o m p a r i n g the r e s u l t s f r o m t h e s e b o t t o m blow^downs in which a 
l o w - q u a l i t y fluid w a s e x h a u s t e d f i r s t to s o m e of the p r e v i o u s m i d d l e and top 
b lowdowns in R e f s . 72-78 in which a h i g h - q u a l i t y fluid w a s e x h a u s t e d f i r s t . 
R u d i g e r o b s e r v e d tha t the i n i t i a l d e c o m p r e s s i o n r a t e s w e r e s ign i f i can t ly 
d i f f e ren t . He a l s o no t iced tha t the d r o p in the i n t e r n a l - v e s s e l p r e s s u r e a t the 
s t a r t of the d e c o m p r e s s i o n w a s a funct ion of the v e s s e l v o l u m e and the i n i t i a l 
i n t e r n a l p h a s e d i s t r i b u t i o n . In add i t ion , a l iqu id s u p e r h e a t of about 18°F w a s 
e x p e r i e n c e d d u r i n g the i n i t i a l p e r i o d of the blowdown. Fo l lowing t h i s p e r i o d , 
the fluid d e p r e s s u r i z e d in a n e a r l y e q u i l i b r i u m m a n n e r . Th i s w a s the s a m e 
o b s e r v a t i o n m a d e by Fugie^'* and T a g a m i ^ ' and in R e f s . 7 2 - 7 8 . C o m p a r i s o n 
b e t w e e n a n a l y t i c a l - m o d e l p r e d i c t i o n s and the m e a s u r e m e n t s r e v e a l e d t h a t 
the Moody^ m o d e l o v e r p r e d i c t e d the flow r a t e s , w h e r e a s the h o m o g e n e o u s -
e q u i l i b r i u m m o d e l p r e d i c t e d the da ta r e a s o n a b l y w e l l . An e x p e r i m e n t d i r e c t e d 
a t s i m u l a t i n g both BWR and P W R in i t i a l cond i t ions w a s a l s o ou t l ined , bu t no 
r e s u l t s w e r e a v a i l a b l e a t t h i s t i m e . 

S h i m a m u n e et al.^^ p r e s e n t e d s o m e of the r e s u l t s of the R o s a I e x p e r i ­
m e n t conduc ted f r o m 1970 to 1972 by the J a p a n e s e A t o m i c E n e r g y I n s t i t u t e . 
About 65 blow^down t e s t s w e r e p e r f o r m e d f r o m a v e s s e l 28-f t 3 - i n . - t a l l , 2 2 - i n . -
ID v e s s e l , which w a s equ ipped with both top and b o t t o m e x h a u s t p o r t s (of 
13 .780- in . i n s i d e d i a m e t e r ) . The length of the e x h a u s t duct w a s 17 ft 2 in . , 
m a k i n g the L / D ^ 15. V a r i o u s l y s i z e d o r i f i c e s w e r e u s e d to c o n t r o l the b r e a k 
flow a r e a (0 .984- to 4.92 1-in. d i a m e t e r ) , and the i n i t i a l s t agna t i on p r e s s u r e of 
the t e s t s w a s 595- 1438 p s i a . The p a r a m e t e r s v a r i e d d u r i n g the e x p e r i m e n t 
w e r e the i n i t i a l s t a g n a t i o n p r e s s u r e , b r e a k flow a r e a , l oca t i on of the b r e a k , 
v e s s e l i n t e r n a l s , the c i r c u l a t i n g flow r a t e t h r o u g h the v e s s e l , and the c i r c u ­
la t ing loop wi th and wi thout a p r e s s u r i z e r when the v e s s e l w a s in the loop . 
The e x p e r i m e n t a l r e s u l t s w e r e a n a l y z e d wi th the R E L A P - 3 c o m p u t e r c o d e . 
The code u s e d the Moody c r i t i c a l - f l o w m o d e l , and the d i s c h a r g e coef f ic ien t 
C J u s e d in the m o d e l had to be d e c r e a s e d a s the b r e a k a r e a i n c r e a s e d to p r e ­
d i c t the da t a p r o p e r l y . T h i s w a s the s a m e o b s e r v a t i o n m a d e by Al lemann.^ ' ' 
I t w a s a l s o no t i ced tha t the C^ u s e d in the m o d e l had to be changed a s the 
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i n i t i a l s t a g n a t i o n p r e s s u r e of the t e s t d e c r e a s e d for a c o n s t a n t b r e a k flow 
a r e a . No s u b s t a n t i a l p r e s s u r e d i f f e r e n c e s w e r e d e t e c t e d b e t w e e n the v a r i o u s 
r e g i o n s of the v e s s e l when i n t e r n a l s w e r e u s e d in the b lowdown v e s s e l . T h i s 
w a s the s a m e o b s e r v a t i o n m a d e in R e f s . 7 2 - 7 8 . 

Tokumitsu^^ s u m n a a r i z e d s o m e of the p r e l i m i n a r y sa fe ty t e s t s p e r ­
f o r m e d in a l / 8 t h - s c a l e m o d e l of the F u g e n r e a c t o r , a l 6 5 - M W e , h e a v y - w a t e r -
m o d e r a t e d BWR, bu i l t in J a p a n . The s m a l l - s c a l e m o d e l s y s t e m c o n t a i n e d a l l 
the c o m p o n e n t s of the f u l l - s i z e s y s t e m , the p r i m a r y ob jec t ive of the e x p e r i ­
m e n t be ing to e v a l u a t e v a r i o u s e m e r g e n c y - c o r e - c o o l i n g (ECC) in j ec t i on m e t h ­
o d s . The p a r a m e t e r s i n v e s t i g a t e d in the e x p e r i m e n t w e r e the i n i t i a l s t agna t ion 
p r e s s u r e , the e x h a u s t a r e a , and the r u p t u r e s i t e . The in i t i a l s t a g n a t i o n p r e s ­
s u r e w a s v a r i e d up to 1068 p s i a , the e x h a u s t d i a m e t e r s w e r e 2 .453 , 3.937, 
5 .906, 7.874, and 9.843 in . , and the r u p t u r e l o c a t i o n s w e r e in the d o w n c o m e r 
p ipe f r o m the s t e a m d r u m to the p u m p , the in l e t duc t f r o m the p u m p to the 
r e a c t o r , and in the m a i n s t e a m l ine f r o m the s t e a m d r u m to the t u r b i n e . The 
c o r e h e a t c a p a c i t y w a s s i m u l a t e d wi th 28 s t a i n l e s s s t e e l h e a t e r s t h a t w e r e 
146 in. long , and the fluid w a s in a s t a g n a n t s t a t e at the i n i t i a t i on of the blow-
down. The b r e a k s w e r e i n i t i a t ed wi th a q u i c k - o p e n i n g v a l v e in the in l e t feeder 
l i n e , and wi th r u p t u r e d i s k s in the d o w n c o m e r p ipe and in the m a i n s t e a m l ine . 
The in l e t f e ede r pipe had two d i s c h a r g e d u c t s , so t h a t e i t h e r s ing le o r double 
b r e a k s could be p e r f o r m e d . The b r e a k flow a r e a s in bo th e x h a u s t d u c t s o r i g ­
ina t ing f r o m the in l e t f e e d e r l ine w e r e v a r i e d f r o m full open a t 2 . 453 - in . d i am­
e t e r to one-ha l f and o n e - t h i r d open . The r u p t u r e d i s k s w e r e b r o k e n wi th an 
e l e c t r i c - a r c t e c h n i q u e . F o r the b r e a k in the d o w n c o m e r p i p e , t he i n i t i a l 
d e p r e s s u r i z a t i o n r a t e in the s t e a m d r u m w a s v e r y r a p i d b e c a u s e s a t u r a t e d 
w a t e r w a s in i t i a l ly e x h a u s t e d . T h i s w a s fol lowed by a m o r e g r a d u a l d e c r e a s e 
in the p r e s s u r e due to f lash ing in the s t e a m d r u m . The i n l e t - f e e d e r p ipe 
b r e a k s i m u l a t e d the d i f fe rence in h e a t - r e m o v a l ab i l i ty of r u p t u r e d and u n r u p ­
t u r e d p r e s s u r e t ubes in the r e a c t o r . The r u p t u r e d p r e s s u r e t u b e s d r i e d out at 
the b o t t o m f i r s t ; the u n r u p t u r e d ones d r i e d out at the top f i r s t . The effect of 
l o s s of flow whi le s t i l l a t full power w a s a l s o i n v e s t i g a t e d . In t h i s c a s e , the 
l iquid l eve l in the p r e s s u r e tubes d e c r e a s e d to about half the he igh t of the 
effect ive hea t ing length of the fuel b e f o r e d r y o u t s t a r t e d to o c c u r . 

S ta r t ing in about 1973, the Be t t i s F l a s k tes ts^^ w e r e p e r f o r m e d at the 
NRTS by the A e r o j e t N u c l e a r Company . The p u r p o s e s of t h i s e x p e r i m e n t a l 
p r o g r a m w e r e to i n v e s t i g a t e c e r t a i n h e a t e r p e r f o r m a n c e c h a r a c t e r i s t i c s 
du r ing a LOCA and to e x a m i n e v a r i o u s E C C in jec t ion t e c h n i q u e s . The s y s t e m 
c o n s i s t e d of an 8-ft^ c y l i n d r i c a l v e s s e l wi th no i n t e r n a l s . It w a s p o s i t i o n e d 
in a c i r c u l a t i n g loop in which the w a t e r w a s h e a t e d o u t s i d e the b lowdown v e s ­
se l and than c i r c u l a t e d t h rough i t . The s y s t e m w a s d e s i g n e d to o p e r a t e a t 
2500 ps ig and 650°F, and the e x h a u s t - d u c t g e o m e t r y w a s s i m i l a r to the L O F T -
blowdown conf igura t ion . The e x h a u s t duct , o r i g i n a t i n g f r o m the b o t t o m of the 
v e s s e l , c o n s i s t e d of a c o m b i n a t i o n of t h r e e d i f fe ren t s e c t i o n s of p i p e . The 
exi t of the d i s c h a r g e duct was equipped with e i t h e r a q u i c k - r e s p o n s e v a l v e 
or a r u p t u r e - d i s k a s s e m b l y to in i t i a t e the d e c o m p r e s s i o n s . D u r i n g h e a t u p , 



35 

t he fluid w a s m a i n t a i n e d in a subcoo led l iquid s t a t e at the d e s i r e d i n i t i a l t e s t 
p r e s s u r e by p r e s s u r i z i n g the s y s t e m with n i t r o g e n g a s . Th i s m e t h o d of 
p r e s s u r i z i n g the s y s t e m whi le the fluid t e m p e r a t u r e i s i n c r e a s e d f o r c e s gas 
in to so lu t ion . The m a s s flow r a t e f r o m the s y s t e m w a s m e a s u r e d wi th a 
d r a g - d i s k a s s e m b l y n e a r the end of the d i s c h a r g e duct . The fluid d e n s i t y w a s 
m e a s u r e d by an a t t enua t i on t e chn ique at the d r a g - d i s k l o c a t i o n and a l s o a t two 
u p s t r e a m l o c a t i o n s in the e x h a u s t duct . The h o m o g e n e o u s - e q u i l i b r i u m m o d e l 
b e s t p r e d i c t e d the m e a s u r e d c r i t i c a l flow r a t e s b e c a u s e the d i s c h a r g e duc t 
w a s r a t h e r long, L / D =» 100. V a r i o u s E C C s y s t e m s w e r e a l s o i n v e s t i g a t e d 
d u r i n g the e x p e r i m e n t . 

Choi^* app l ied s i m i l i t u d e t h e o r y to the e x p e r i m e n t a l m o d e l i n g of the 
C o n t a i n m e n t S y s t e m Exper iment . ' ' " ' ' ' ^ A n u m b e r of i s o t h e r m a l b lowdown t e s t s 
wi th i n i t i a l l y s a t u r a t e d and s l igh t ly subcoo led w a t e r w e r e p e r f o r m e d f r o m 
both top and b o t t o m e x h a u s t p o r t s of a s m a l l v e s s e l . The in i t i a l w a t e r cond i ­
t i ons w e r e 4 5 - 100 p s i a and 2 5 0 - 3 2 0 ° F ; the v e s s e l o r i g i n a l l y con ta ined 2 3 - 2 8 I b j ^ 
of w a t e r . It w a s of 6- in . ID, 27 in. t a l l , and w a s d e s i g n e d to o p e r a t e up to 
100 p s i a and 400°F . It had no i n t e r n a l s t r u c t u r e , i t s quot ien t of i n t e r n a l s u r ­
face a r e a to v o l u m e w a s about 10 ft^/ft^, and i t w a s about o n e - s e v e n t h the he igh t 
of the CSE v e s s e l . The e x h a u s t duct , which w a s the s a m e for both top and 
b o t t o m b lowdowns , w a s of 0 .66- in , ID and 27 in . long ( that i s , L / D =- 41) , and 
th i s p r o d u c e d an e x i t - t o - v e s s e l f l o w - a r e a r a t i o of 0.012 1. The top and b o t t o m 
e x h a u s t p o r t s w e r e e a c h about 5.5 in . f r o m the top and b o t t o m of the v e s s e l . 

The d e c o m p r e s s i o n s w e r e i n i t i a t e d by m e c h a n i c a l l y b r e a k i n g a s ing le 
r u p t u r e d i s k on the end of the c o n s t a n t - a r e a e x h a u s t duct . The w a t e r in the 
b lowdown v e s s e l w a s h e a t e d by c i r c u l a t i n g i t t h r o u g h an e x t e r n a l h e a t i n g loop 
wi th a h e a t i n g c a p a b i l i t y of 2 kW. The i n i t i a l cond i t ions for the subcoo led 
l iquid w e r e g e n e r a t e d by p r e s s u r i z i n g the s y s t e m with a i r du r ing h e a t u p . The 
a i r c a m e out of so lu t ion d u r i n g d e c o m p r e s s i o n , and i t ef fected the subcoo led 
p e r i o d of b lowdown the m o s t . 

The m e a s u r e d p a r a m e t e r s w e r e p r e s s u r e and t e m p e r a t u r e in the v e s ­
se l and e x h a u s t duc t , r e m a i n i n g fluid we igh t , and the void f r a c t i o n in the e x h a u s t 
duct . P r e s s u r e and t e m p e r a t u r e m e a s u r e m e n t s w e r e m a d e a t both the u p p e r 
and l o w e r r e g i o n s of the v e s s e l , and a l s o a t two d i f fe ren t a x i a l l o c a t i o n s in the 
e x h a u s t duc t . The two v e s s e l - p r e s s u r e m e a s u r e m e n t s w e r e m a d e at the end 
of 3 - i n . - l o n g standoff t u b e s f r o m the v e s s e l . The r e m a i n i n g fluid we igh t w a s 
m e a s u r e d by s u s p e n d i n g the v e s s e l and c o n t e n t s f r o m a s t r a i n - g a u g e s p e c i m e n 
for t h e top b lowdowns , and by r e s t i n g the v e s s e l and con t en t s on a s u p p o r t i n g 
load c e l l for the b o t t o m b lowdowns . The void f r a c t i o n in the e x h a u s t duc t w a s 
m o n i t o r e d wi th a g a m m a - r a y - a t t e n u a t i o n t e c h n i q u e . 

The i n t e r n a l v e s s e l p r e s s u r e d r o p p e d be low the s a t u r a t i o n p r e s s u r e 
a t the s t a r t of both the i n i t i a l l y s a t u r a t e d and subcoo led d e c o m p r e s s i o n s , and 
i t r e c o v e r e d in about 1 s e c . Th i s w a s a t t r i b u t e d to a s h o r t , subcoo led b low-
down p e r i o d in such r u n s , and a l s o to t h e r m o d y n a m i c n o n e q u i l i b r i u m b e h a v i o r 
r e q u i r e d to s t a r t v a p o r g e n e r a t i o n . 
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Many ot the r e p o r t e d p r e s s u r e h i s t o r i e s w e r e n e a r l y c o n s t a n t for a 
l a r g e p o r t i o n of the d e c o m p r e s s i o n , which i nd i ca t ed tha t m u c h of the r e m a i n i n g 
fluid w a s p r o b a b l y s u p e r h e a t e d l iqu id . H o w e v e r , t h e r m o d y n a m i c e q u i l i b r i u m 
w a s r e p o r t e d for m o s t of the l a t t e r p e r i o d of the b lowdown, but t h i s i s not 
c o n s i s t e n t wi th the m e a s u r e d p r e s s u r e h i s t o r i e s . T h i s is p r o b a b l y b e c a u s e 
the t h e r m o c o u p l e s s e r v e d as n u c l e a t i o n s u r f a c e s , and t h e r m o d y n a m i c equ i l i b ­
r i u m did n e a r l y e x i s t in the i m m e d i a t e v i c in i ty of the t h e r m o c o u p l e , bu t the 
r e m a i n i n g fluid away f r o m the t h e r m o c o u p l e w a s s t i l l s u p e r h e a t e d l iqu id . 

T h e r e w a s a d i s t i n c t " k n e e " in the m e a s u r e d p r e s s u r e h i s t o r i e s of the 
b o t t o m b lowdowns ; h o w e v e r , i t w a s not p r e s e n t in the top b l o w d o w n s . In the 
u p p e r d e c o m p r e s s i o n s , the ex i t - f l u id qua l i ty w a s g r e a t e r b e c a u s e of p h a s e 
s e p a r a t i o n , wh ich r e d u c e d the c r i t i c a l flow r a t e and i n c r e a s e d the blowdown 
t i m e c o m p a r e d to the b o t t o m b lowdowns . The i n t e r n a l v e s s e l t e m p e r a t u r e 
d e c r e a s e d m o r e r a p i d l y in the top b lowdowns than in the b o t t o m b lowdowns . 
The f r a c t i o n of the i n i t i a l w a t e r con ten t r e m a i n i n g wi th in the v e s s e l a f te r 
d e c o m p r e s s i o n w a s a p p r o x i m a t e l y o n e - t e n t h in the b o t t o m b lowdowns and one-
t h i r d in the top b lowdowns . P h a s e s e p a r a t i o n wi th in the v e s s e l i n c r e a s e d for 
r e d u c e d a r e a r a t i o s in the bo t t om b lowdowns , and the c r i t i c a l flow r a t e d e ­
c r e a s e d for i n c r e a s e d a r e a r a t i o s b e c a u s e of enhanced s w e e p - i n of the vapo r 
p h a s e f r o m the v e s s e l to the e x h a u s t duc t . The m e a s u r e d c r i t i c a l flow r a t e s 
w e r e l e s s than t h o s e p r e d i c t e d by the Moody model .^ '^^ The m e a s u r e d void 
f r a c t i o n at the ex i t i n c r e a s e d as the a r e a r a t i o i n c r e a s e d and the i n i t i a l s t ag ­
na t ion t e m p e r a t u r e i n c r e a s e d . 

B a n e r j e e et a l . ' * p e r f o r m e d an a d i a b a t i c blowdown e x p e r i m e n t wi th 
in i t i a l ly subcoo led w a t e r . The s y s t e m w a s an u p w a r d - f l o w i n g con f igu ra t i on 
in the in i t i a l l y s t e a d y - s t a t e condi t ion ; the flow w a s then f o r c e d to r e v e r s e 
d i r e c t i o n by a va lv ing a r r a n g e m e n t s i m i l a r to tha t d e s c r i b e d in Ref. 85 . The 
t e s t s ec t i on c o n s i s t e d of an in le t and exi t u n h e a t e d s ec t i on , and a l s o a v e r t i c a l , 
e l e c t r i c a l l y h e a t e d c e n t e r s ec t i on . The p a r a m e t e r s v a r i e d d u r i n g the e x p e r i ­
m e n t w e r e the h e a t flux to the fluid, the b r e a k a r e a , and the i n i t i a l subcool ing 
of the w a t e r . The power to the h e a t e r w a s h e l d c o n s t a n t d u r i n g the decona-
p r e s s i o n in o r d e r to g e n e r a t e a c r i t i c a l - h e a t - f l u x condi t ion . The l o c a l p r e s ­
s u r e , fluid t e m p e r a t u r e , and the h e a t e r wa l l t e m p e r a t u r e w e r e m e a s u r e d . The 
m a s s i n v e n t o r i e s in v a r i o u s r e g i o n s of the t e s t s e c t i o n w e r e m e a s u r e d a t 
s e l e c t e d s t a g e s du r ing the blowdown by i s o l a t i n g a given s e c t i o n wi th the fas t -
ac t ing v a l v e s . Th i s w a s how the r e m a i n i n g m a s s h i s t o r y in the t e s t s e c t i o n 
du r ing the d e c o m p r e s s i o n w a s d e t e r m i n e d . The b r e a k flow r a t e w a s con t ro l l ed 
by o r i f i c e s and v e n t u r i e s . The s y s t e m p r e s s u r e d r o p p e d be low the i n i t i a l 
s a t u r a t i o n p r e s s u r e at the beginning of the blowdown, and th i s w a s i n t e r p r e t e d 
as a de lay in bubble nuc l ea t ion . 
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III. ANALYSIS 

A. General Considerations 

The general analytical t r ea tment of a system, containing a fluid s t a r t s 
with the s ta tement of the conservat ion equations. In light of the exper imenta l 
information gained from this investigation, which will be dealt with in m o r e 
detail in Chapters VI and VII, the following assumptions are made regarding 
the physical nature of the fluid within a sys tem during blowdown: 

1. The controlling mechan ism for mos t of the decompress ion is two-
phase choking at the exit of the exhaust duct. 

2. There is an insignificant amount of heat t ransfe r between the fluid 
and fluid envelope. 

3. The decompress ion can be idealized as a set of quasi -s teady s ta tes . 

To analyze the response of a sys tem during blowdown, the conservat ion 
equations for the sys tem response a re formulated upon the assumptions l is ted 
above. The sys tem is defined as the fluid envelope and everything contained 
within it. The continuity equation is 

_ b m / I ) 

the dot above a symbol indicating time differentiation of the quantity r e p r e ­
sented. Since there is no m a s s flow into the sys tem, Eq. 1 becomes 

^ = -GAe. (2) 
bt ® 

The momentum equation can be wri t ten for an Euler ian reference frame as 

Mi - Me + Z.Fext = "^("^u). (3) 

Since there is no momentum flow into the sys tem, and since the t ime ra te of 
change of the flow rate is smiall compared to the thrus t and forces due to p r e s ­
sure differences, Eq. 3 can be approximated as 

F = Ae(Pe - Pa + G ^ e ) . " (4) 

The energy equation can also be formulated for an Euler ian frame of r e f e r ­
ence as 

Q - W + Ei - Ee - 1^, (5) 
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where the typical sign convention of heat t ransfe r into the sys tem and work 
done by the sys tem is posi t ive. By assuming negligible heat exchange between 
the fluid and fluid envelope, no performance of external mechanica l work, and 
no energy flow into the sys tem, Eq. 5 is reduced to 

A ( m e ) = -[pAu(i + K + g^ + Pv)] . (6) 

By neglecting elevation changes and incorporat ing the definition of specific 

enthalpy, 

h = i + Pv , C') 

we can wri te Eq. 6 as 

-̂ (̂mh) = -[GA(h + iu^)] . (8) 

Equation 8 can be integrated from the beginning to the end of the decompres ­
sion to produce 

m(0)h(0) - m(T)h(T) = Ae r G(h + ^ G V ) dt. (9) 

For a homogeneous two-phase mix tu re , the specific enthalpy and specific vol­
ume become 

h = hyx + hL(l - x) (10) 

and 

V = VyX + V L ( 1 - X), (11) 

where the fluid quality is defined as x = rh.v/rn-T- Substituting these relat ions 
into Eq. 9 produces 

m(0)h(0) - m(T)h(T) = Ae / GJhvx + hL(l - x) 

+ \G^ VyX + V L ( 1 - x)] I d t , (12) 

which is the energy equation describing the overal l energy lost from the system 
during the decompression. 



B. C r i t i c a l F l o w 

1. S i n g l e - p h a s e C r i t i c a l F l o w 
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The flow r a t e t h r o u g h a duct b e c o m e s a m a x i m u m , or i t s c r i t i c a l 
v a l u e , when a r e d u c t i o n in the d o w n s t r e a m p r e s s u r e no l o n g e r i n c r e a s e s the 
flow r a t e for g iven u p s t r e a m fluid cond i t i ons and duct g e o m e t r y . At t h i s c o n ­
d i t ion , as i l l u s t r a t e d in F i g . 3 , the r a t i o of the t h r o a t p r e s s u r e to the u p s t r e a m 

s t a g n a t i o n p r e s s u r e is t e r m e d the c r i t i c a l 
p r e s s u r e r a t i o . M a t h e m a t i c a l l y , the t h r o a t 
p r e s s u r e i s r e d u c e d un t i l the m a x i m u m or 
c r i t i c a l flow r a t e is r e a c h e d . F o r f r i c -
t i o n l e s s , a d i a b a t i c flow, and thus i s e n t r o p i c 
flow, t h i s can be s t a t e d as 

UJ 

G,
 F

LO
W

 
R

A
T

E
/A

R
 

'^f^ 1 p, = CONSTX 
^ 3 <0 1 ° \ 
P̂e 1 Tl = CONST \ 1 'o \ 

Pe/P; 

Fig. 3. Critical-flow Criterion. ANL 
Neg. No. 900-4861, 

dG 

d P e 
= 0. (13) 

The spec i f i ca t ion of c o n s t a n t e n t r o p y 
in Eq. 1 3 is a r e s u l t of an a p p r o x i m a t i o n in 
the m o m e n t u m equa t ion . Since the effect 
of g r a v i t y is neg l ig ib l e in h i g h - s p e e d flow, 
the o n e - d i m e n s i o n a l m o m e n t u m equa t i on 
can be w r i t t e n a s 

d P T-,T,S du 
- V - u-dz dz pA dz 

The f r i c t i o n l e s s a s s u m p t i o n r e d u c e s t h i s equa t ion to 

(14) 

- V . 
' (dz ) = u, 

e .s 
' ( d z ) 

(15) 

e ,s 

for the t h r o a t o r ex i t l oca t ion of a duc t . The f r i c t i o n l e s s a s s u m p t i o n i n d i c a t e s 
the p r o c e s s i s r e v e r s i b l e , and th i s coupled wi th the ad i aba t i c a s s u m p t i o n i m ­
p l i e s , f r o m the Second Law of T h e r m o d y n a m i c s , tha t the flow is i s e n t r o p i c . 
The g e n e r a l r e l a t i o n for the s i n g l e - p h a s e c r i t i c a l flow r a t e c a n be o b t a i n e d by 
d i f f e r en t i a t i ng the con t inu i ty equa t ion for a cons t an t a r e a duct , G = pu, and 
apply ing the c r i t i c a l - f l o w c r i t e r i o n in Eq . 1 3 to p r o d u c e 

due 

d P , 

dve 

d P . 
(16) 

The a s s u m p t i o n i s m a d e tha t the fluid s p e e d and spec i f i c v o l u m e a r e c o m p o s i t e 
func t ions of p r e s s u r e and p o s i t i o n so tha t u = u [P(z ) ] and v = v [ P ( z ) ] . By 
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employ ing th i s a s s u m p t i o n and s u b s t i t u t i n g Eq . 16 into E q . 15. the g e n e r a l r e ­

la t ion for the c r i t i c a l flow r a t e b e c o m e s 

dVg 

d P , 

1/2 

(17) 

F o r the i s e n t r o p i c flow of an idea l g a s , E q s . 15 and 17 c a n be u s e d to p r o d u c e 
the s i n g l e - p h a s e c r i t i c a l flow r a t e and c r i t i c a l p r e s s u r e r a t i o b a s e d on u p ­
s t r e a m s t agna t i on cond i t ions as g iven by 

G^ = 
YP? 

RTi A Y + 1/ 

(Y+nAv-i) 
(18) 

a n d 

VY + 1/ 

Y/(Y-i) 
*(19) 

T h u s , the s i n g l e - p h a s e c r i t i c a l flow r a t e and c r i t i c a l - t h r o a t - p r e s s u r e r a t i o 
a r e d e t e r m i n e d for g iven u p s t r e a m s t agna t i on cond i t ions and fluid p r o p e r t i e s . 

F o r i s e n t r o p i c flow in a c o n s t a n t - a r e a duc t , the m o m e n t u m equat ion 
(Eq. 15) can be r e a r r a n g e d to the f o r m of Eq . 17 wi thout u s i n g the c r i t i c a l - f l o w 
c r i t e r i o n (Eq. 13). Th i s i m p l i e s tha t the only finite fluid s p e e d t h a t c a n ex i s t 
u n d e r t h e s e cond i t ions in a duct at c r i t i c a l flow is the a c o u s t i c p r o p a g a t i o n 
speed given by 

< ^ ) 
(20) 

T h u s , for s i n g l e - p h a s e i s e n t r o p i c c r i t i c a l flow, the fluid s p e e d at the choking 
loca t ion i s p r e c i s e l y the p r o p a g a t i o n speed of the l oca l a c o u s t i c p r e s s u r e wave 
a t tha t l oca t ion . 

flow a r e a . 

F o r i s e n t r o p i c c r i t i c a l flow, the s t r e a m c h o k e s at the m i n i m u m 
The cont inui ty equa t ion . 

dp dA du _ 
D A u ' 

(2 i ; 

the f r i c t i o n l e s s m o m e n t u m equa t ion (Eq. 15), the i s e n t r o p i c a c o u s t i c p ropaga ­
t ion speed (Eq. 20), and the fact tha t the fluid speed at the choking l o c a t i o n is 
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e q u a l to the l oca l a c o u s t i c p r o p a g a t i o n speed in the fluid c a n be c o m b i n e d to 
i n d i c a t e tha t d A / d z = 0 at t ha t p o s i t i o n . T h i s i m p l i e s an e x t r e m e in the flow 
a r e a , and p h y s i c a l ev idence r e v e a l s t ha t the a r e a i s a m i n i m u m at t h i s c o n d i ­
t i o n . T h e r e f o r e , an i s e n t r o p i c c r i t i c a l flow wi l l choke at the m i n i m u m flow 
a r e a , o r a t the exi t of a c o n s t a n t flo'w a r e a . 

T h u s , the s i n g l e - p h a s e c r i t i c a l - f l o w p h e n o m e n o n i s w e l l u n d e r s t o o d 
w i t h the r e l a t i o n b e t w e e n the flowing fluid p r o p e r t i e s at the choking l o c a t i o n 
and the p r e s s u r e - w a v e - p r o p a g a t i o n c h a r a c t e r i s t i c s at tha t pos i t i on we l l 
e s t a b l i s h e d . 

2. G e n e r a l i z e d S i n g l e - and T w o - p h a s e , O n e - and T w o - c o m p o n e n t , 
C r i t i c a l F l o w 

The p r e v i o u s d i s c u s s i o n h a s dea l t wi th the c r i t i c a l flow of a s i n g l e -
p h a s e fluid. The following d e v e l o p m e n t i s va l i d for both s i n g l e - and t w o - p h a s e , 
o n e - and t w o - c o m p o n e n t , c r i t i c a l flow.^ 

a. G e n e r a l D e v e l o p m e n t . The l iquid and v a p o r o r gas con t inu i ty 
e q u a t i o n s a r e 

n^L = P L ^ L ^ L (22) 

and 

m y = P y A y U y . (23) 

The m o m e n t u m equa t ion is 

HP d , . . ^'^'^r d, . . . 

- A — = — ( m u ) + —;— +-;—(mg s m 8). ,-,.^ 
dz dz dz dz^ ^ (24) 

A s in the s i n g l e - p h a s e c a s e , the p r e s s u r e d r o p n e a r the ex i t 
i s c o n s i d e r e d to be p r i m a r i l y due to an i n c r e a s e in fluid m o m e n t u m r a t h e r 
t han to f r i c t i o n a l and e l e v a t i o n p r e s s u r e l o s s e s . T h i s r e d u c e s the m o m e n t u m 
e q u a t i o n to 

-(f)==d4K''^"L(l-)]- (25) 

It i s a s s u m e d for g iven u p s t r e a m cond i t i ons tha t u y , U L , and x a r e c o m p o s i t e 
func t ions of P and z so tha t they can be f o r m u l a t e d as f = f [P (z ) ] . T h i s p e r ­
m i t s Eq . 25 to be w r i t t e n a s 

G-* = - ^ K ^ +*^L(1 -^)] - (26) 
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V T T X 

VyX + Vj_ (̂l - x)k 

E m p l o y i n g the def in i t ions of the v e l o c i t y r a t i o , k = u y / u L ; the qua l i ty , x = m y / 
rii^; and the void f r a c t i o n a H A y / A i - ; we can r e a r r a n g e the con t inu i ty e q u a ­
t ions ( E q s . 22 and 2 3) to p r o d u c e 

(1 . x ) G = ^ ( 1 -a) (27) 
^ L 

and 

x G . ^ . . (28) 
Vy 

Combin ing E q s . 27 and 28 and us ing the def in i t ion of the v e l o c i t y r a t i o p r o d u c e 

^-^ (29) 
^ L ( 1 - x)k 

Using the ve loc i ty r a t i o in Eq . 26 p r o d u c e s 

G - = - ^ { [ k x + (l - X ) ] U L } . (30) 

The to t a l flow r a t e can be r e a r r a n g e d f r o m E q s . 27 and 28 into the f o r m 

G = f ^ + L ^ V . ~ (31) 
\ v y V L / ^ 

Equa t ion 29 c a n be s u b s t i t u t e d into Eq . 31 to give 

kur 
G = . (32) 

v y x + V L ( 1 - x)k 

Subs t i tu t ion of the cont inui ty equa t ion (Eq, 32) into the m o m e n t u m equa t ion 
(Eq. 30) p r o d u c e s 

-G-* = ^ { f - [ v v x + V L ( 1 - x)k] [ l + x(k - 1 ) ] | . (33) 

Expanding Eq . 33 and invoking the c r i t i c a l - f l o w c r i t e r i o n (Eq. 13) p r o d u c e 



43 

Expanding Eq. 34 yields 

Ĝ  = -k 
I r .,dv,r ^ ,dvT 

dp 
| x [ l +x(k - 1 ) ] - ^ +k [ l +x(k - 2) - x2(k - 1)]-

+ { v y [ l + 2x(k - 1)] + VLk[(k - 2) - 2x(k - l ) ] } ^ 

. x ( l - x ) ( v ^ k - ^ ^ ) | | } \ (35) 
e 

Equation 35 is the complete , general relation for the one-dimensional , s teady-
s ta te , s ingle- and tv/o-phase, one- and two-component, c r i t ica l flow rate per 
unit a r e a . At this point var ious invest igators have made different assumptions 
regarding the thermodynamic state of the fluid, the expansion p rocess path, 
and the flow reg ime , and this has produced the var ious cr i t ical-f low models . 

By comparing Eqs . 35 and 17. the compress ib i l i ty of a two-
phase . one-component mixture is seen to be. in general , a function of 

dv J dvy dvL dx , dk \ . . . . 
^ - A"V' ^ ' " L ' -dP- "• dP- ^ ' dP> ^^^^ 

Thus, the cr i t ical-f low phenomenon in a two-phase sys tem is a complex com­
bination of interphase heat , m a s s , and momentum exchange. 

The general requ i rements of a two-phase, cr i t ical-f low model 
that -will accura te ly predict the two-phase blowdown phenomenon a r e : (l) It 
mus t be able to handle ups t r eam conditions from near ly sa turated liquid to 
a lmos t all vapor flow; (2) it must be based only on upstream, stagnation condi­
t ions ; (3) it mus t be able to predict both the cr i t ica l flow^ ra te and c r i t i ca l 
throat p r e s s u r e ; (4) it should be able to account for the d ischarge-duct geom­
e t ry . The var ious cur ren t ly available two-phase cri t ical-f low models a re 
summar ized in Refs, 1, 2, 4, 5, 8, 10, 11, 26, 41 , 87, 88, 89, and 90. 

The tw^o-phase cr i t ica l flow^ models that w^ill be d iscussed are 
the Homogeneous Equi l ibr ium (HE), Homogeneous F rozen (HF), Moody,^ and 
Henry-Fauske* predic t ions . These models will be a s s e s s e d in t e r m s of the i r 
applicabili ty to the two-phase regime of decompress ion. 

b . Specific Initially Two-phase Analytical Models 

(l) Homogeneous-equi l ibr ium Model. The initial approach 
taken to tw^o-phase c r i t i ca l flow w^as s imi lar to that descr ibed for s ingle-phase 



c r i t i c a l flow The flow w a s a s s u m e d to be in t h e r m o d y n a m i c e q u i l i b r i u m , 
a d i a b a t i c , and f r i c t i o n l e s s , and , h e n c e , i s e n t r o p i c . The l iquid and v a p o r o r 
eas p h a s e s w e r e a s s u m e d to t r a v e l at equa l v e l o c i t i e s ; t h u s , the flow w a s 
t e r m e d " h o m o g e n e o u s . " T h i s p e r m i t s the fluid spec i f i c v o l u m e to be f o r m u ­
l a t e d a s in E q . 11 . By u s i n g th i s spec i f i c v o l u m e in the c r i t i c a l - f l o w r e l a t i o n , 
E q . 17, the h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l flow r a t e b e c o m e s 

' H E 

d V y 
+ (̂  "V - V l 

dXg 

d P + (1 X 

1/2 

(37) 

w h e r e the ex i t e q u i l i b r i u m qua l i ty x g i s d e t e r m i n e d f r o m 

^i - ^ L ( ^ e ) 
^ E , 

' V L ( P . 

(38) 

a n d 

dXj. 

"dP" 

;i - x g ) ds L ""E ^^V 

SVL d P ' V L d P 
(39) 

F o r low p r e s s u r e , for wh ich V L « v y , and an a s s u m p t i o n t h a t the l iqu id i s 

i n c o m p r e s s i b l e , E q . 37 s imp l i f i e s to 

' H E 

dv V 
X 

E d P + v 
/dXg 

VVdP 

-1 /2 

(40) 

^ i " e 

Equa t ion 40 is the r e l a t i o n for the h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l flow r a t e 

b a s e d on ex i t c o n d i t i o n s . 

The h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l flow r a t e can be 
r e l a t e d to the u p s t r e a m s t agna t i on cond i t ions by u s e of the m o m e n t u m e q u a ­
t ion . The flow is a s s u m e d to be f r i c t i o n l e s s and . h e n c e , r e v e r s i b l e ; if t h i s is 
coupled wi th the ad i aba t i c a s s u m p t i o n , the i m p l i c a t i o n i s t h a t the flow p r o c e s s 
is i s e n t r o p i c . The f r i c t i o n l e s s a s s u m p t i o n , t o g e t h e r wi th neg l i g ib l e e l e v a t i o n -
e n e r g y c h a n g e s , p e r m i t s the m o m e n t u m equa t ion to be w r i t t e n as 

dP = u du. (41) 

F o r r e v e r s i b l e p r o c e s s e s , we m a y e x p r e s s the F i r s t and Second L a w s of ther ­

m o d y n a m i c s as 

T ds + V d P dh. (42) 



F o r an isentropic p r o c e s s . Eq. 42 s implif ies ; when it is combined with the mo­
mentum equation (Eq. 41) the resul t is 

45 

dh -u du. (43) 

Integrat ing Eq. 43 from inlet to exit locations yields 

lii„ - he - a'GeVe- (44) 

Equation 44 can be expanded for a homogeneous two-phase mixture by using 
the definitions of the specific enthalpy, Eq. 10, and specific volume, Eq. 11, 
so that 

Ho - f V^E + ^ L ( 1 - ^E ) +iG^[vyXE +VL(1 - X E ) ] ' j . (45) 

where x-g is determined by an isentropic expansion in Eq. 38. To ensure a 
maximum flow ra t e , the cr i t ical-f low cr i te r ion , Eq. 13, mus t be satisfied. 
F r o m a kno-wledge of the ups t r eam stagnation conditions, the exit p r e s s u r e is 
reduced from the ups t r eam p r e s s u r e until the flow rate exhibits a maximum, 
as show^n in Fig . 3. The c r i t i ca l flow rate is thus determined for the given 
ups t r eam stagnation conditions. The ratio of the exit p r e s s u r e at which the 
flow ra te becomes a maximum to the ups t r eam stagnation p r e s s u r e is then the 
c r i t i c a l - e x i t - p r e s s u r e ra t io . 

(2) Homogeneous F rozen Model. Another approach that has 
been taken to adiabatic , two-phase c r i t i ca l flow is the homogeneous frozen 
model.^^ Negligible wall friction is again assumed in the momentum equation, 
making it r eve r s ib l e . The revers ib le and adiabatic assumptions then imply 
that the expansion process is i sent ropic . There is considered to be no phase 
change w^ithin the duct, and the flow is assumed to be homogeneous. The k i ­
netic energy of the s t r e a m is considered to be due only to the vapor expansion, 
and the c r i t i ca l flow ra te can be defined by gas-dynamic pr inc ip les . The f r i c ­
t ionless momentum equation is 

{vyXi+VL.d -Xi)]dP = d(^) . (46) 

Integrating this equation from the entrance to the exit of the duct while noting 
the isentropic expansion of the vapor phase , vy = vy.Tl"*'^'^, produces 

Y - 1 
1 - Tl 

(Y - i ) /Y 
V L , ( I - ^ i ) 

V y . X . 
• ( 1 - T l ) 

G g X - V y . 

2P,-

(1 - Xi)vL. 

x-v 
+ T1 

-i/Y 

i^V, 
(47) 
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The flow r a t e in Eq . 47 c a n be ob t a ined by a s s u m i n g no 

m a s s t r a n s f e r ( f rozen) , x^ = Xe = c o n s t a n t in Eq . 40, and an i s e n t r o p i c expan-

s ion of the v a p o r p h a s e , so tha t 

G% 
yP 

x " ^ 

(48) 

Equa t i on 48 c a n a l s o be d e r i v e d f r o m E q . 47 by d i f f e ren t i a t ing E q . 47 and set­
t ing dC/dTl = 0. Subs t i tu t ing Eq . 48 in to Eq . 47 r e s u l t s in the fol lowing t r a n ­
s c e n d e n t a l r e l a t i o n for the c r i t i c a l p r e s s u r e r a t i o : 

V L i ( l - ^ i ) Y 
(1 - T l ) + ^ 

v V i ^ i 
Y - 1 

1 - Tl 
(Y - I ) /Y Y^(Y+i)/Y ' ^L i ( l - ^ i ) -i/Y 

V y . X . 
(49) 

The e n e r g y equa t ion for the s t r e a m is 

1 „ 2 
l̂ in " ^e = a^e 

;50) 

The r igh t s ide of Eq . 50 can be e v a l u a t e d f r o m the m o m e n t u m equa t i on (Eq. 46), 

so tha t 

1 2 T-) Y 

2" -e i V i l o y - l 
i - V ^ " ^ / ^ ] + V L . P i „ ( l - X i ) ( l - 1 1 ) . (51) 

R e f e r r i n g to the a s s u m p t i o n tha t the k ine t i c e n e r g y of the s t r e a m i s due en­
t i r e l y to the e x p a n s i o n of the v a p o r p h a s e s i m p l i f i e s Eq . 51 , so t h a t Eq . 50 
b e c o m e s 

hio - l^e = ^ iVVi^ i OY - 1 
1 - V^"^'/^]. (52) 

F r o m the cont inui ty equa t ion , G^ = U g / v e , and the ene rgy 
equa t ions (Eqs . 50 and 52), the h o m o g e n e o u s f rozen c r i t i c a l flow r a t e can be 
d e t e r m i n e d a s 

1/2 

' H F V, 
2(hi^ - he! (53) 

o r 

G 
^HF v ^ j l - x , ) + v y ^ x , . - / ^ 

n i A 

2X.V..P. - l . f i -Tl^^-^^/^) 4^Vi - i „7T- i 
(54) 

http://-l.fi
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To e v a l u a t e the c r i t i c a l flow r a t e and c r i t i c a l p r e s s u r e r a t i o b a s e d only on u p ­
s t r e a m s t a g n a t i o n c o n d i t i o n s , Eq . 49 is so lved for the c r i t i c a l p r e s s u r e r a t i o , 
and i t i s u s e d in Eq , 54 to d e t e r m i n e the c r i t i c a l flow r a t e . 

(3) Moody Mode l . The m i n i m u m - k i n e t i c - e n e r g y , t w o - p h a s e 
c r i t i c a l - f l o w m o d e l of Moody^ i s p r e s e n t l y w ide ly u s e d to p r e d i c t the t w o - p h a s e 
c r i t i c a l flow r a t e and c r i t i c a l p r e s s u r e r a t i o . The a s s u m p t i o n s u s e d in t h i s 
m o d e l a r e a s fo l lows : 

(a) The flow is o n e - d i m e n s i o n a l , 

(b) Both p h a s e s e x p e r i e n c e the s a m e loca l s t a t i c 
p r e s s u r e . 

(c) The p h a s e s a r e e v e r y w h e r e in t h e r m o d y n a m i c 
e q u i l i b r i u m . 

(d) The flow is a d i a b a t i c . 

(e) The s l i p r a t i o and p r e s s u r e at the ex i t p l ane a r e i n ­
dependen t v a r i a b l e s . 

(f) The flow is i s e n t r o p i c f r o m the e n t r a n c e to the ex i t ; 
h e n c e , the s t a g n a t i o n en tha lpy i s c o n s t a n t t h r o u g h 
the duc t . 

(g) The l iquid p h a s e i s i n c o m p r e s s i b l e . 

The e n e r g y equa t ion (Eq, 42) and the m o m e n t u m equa t ion 
(Eq. 41) w e r e c o m b i n e d to p r o d u c e the t w o - p h a s e flow r a t e , Eq . 44. The m i x ­
t u r e spec i f i c v o l u m e w a s f o r m u l a t e d w i th the n o n h o m o g e n e o u s void f r a c t i o n , 
E q . 29. The fluid qua l i ty w a s e v a l u a t e d i s e n t r o p i c a l l y , Eq . 38, and the m i x t u r e 
spec i f i c en tha lpy w a s tha t in Eq . 10. T h e s e r e l a t i o n s w e r e c o m b i n e d to p r o ­
duce the following flow r a t e p e r unit a r e a : 

G ( P , k ) = , 

*VL 
l^L - ^ (s i - S L ) 

V L 

k ( s y - Si)vL ^ (s i - S L ) v y 

' V L ' V L 

' V 

' V L k ^ s y L 

1/2 

(55) 

m u s t sa t i s fy 

5 G ( P , k ) 

b P . 

To t e s t for a m a x i m u m flow r a t e , the funct ion G ( P , k ) 

= 0, ;56) 

5 G ( P , k ) 
5k 

= 0, (57) 
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a n d 

b 'G(P ,k )1 ^ (58) 

5 P ^ 
< 0 

e 

Solving Eq . 57 for kg i n d i c a t e s t ha t the flow r a t e exh ib i t s 

an e x t r e m u m wi th r e s p e c t to k w h e n 

ke = 

• v y ( P e ) ' 

VL(Pe) 

1/3 

(59) 

The c r i t i c a l flow r a t e and c r i t i c a l p r e s s u r e r a t i o a r e d e ­
t e r m i n e d for g iven u p s t r e a m s t a g n a t i o n cond i t ions by r e d u c i n g the ex i t p r e s ­
s u r e below the u p s t r e a m s t agna t i on p r e s s u r e un t i l the flow r a t e i n d i c a t e s a 
m a x i m u m , sa t i s fy ing Eq . 56. The flow r a t e is m o n o t o n i c a l l y i n c r e a s i n g up to 
the c r i t i c a l flow r a t e for r e d u c e d ex i t p r e s s u r e s (see F i g . 3); t h e r e f o r e , Eq . 58 
i s a l s o s a t i s f i e d . 

(4) H e n r y - F a u s k e Mode l . The s ign i f ican t f e a t u r e s of th i s 
model* a r e - ( l ) It h a n d l e s u p s t r e a m fluid cond i t i ons r a n g i n g f r o m subcoo led 
l iquid to s u p e r h e a t e d v a p o r , and (2) it t r e a t s the e x p a n s i o n in the l ow-qua l i t y 
r a n g e as a n o n e q u i l i b r i u m p r o c e s s . The a s s u m p t i o n s u s e d in t h i s m o d e l a r e : 

(a) The flow is o n e - d i m e n s i o n a l . 

(b) Wal l f r i c t i on is neg l ig ib le c o m p a r e d to the m o m e n t u m 

and p r e s s u r e g r a d i e n t s n e a r the ex i t . 

(c) The flow is a d i a b a t i c . 

(d) T h e r e i s neg l ig ib le s l i p b e t w e e n the p h a s e s (k =< l ) . 

(e) The s y s t e m e n t r o p y r e m a i n s c o n s t a n t d u r i n g the 

expans ion . 

(f) T h e r e i s insuf f ic ien t t i m e du r ing the e x p a n s i o n p r o ­

c e s s for a p p r e c i a b l e i n t e r p h a s e m a s s t r a n s f e r to o c c u r (x^ =̂  x^). 

(g) T h e r e is a neg l ig ib le a m o u n t of i n t e r p h a s e hea t t r a n s ­

fer dur ing the expans ion p r o c e s s , so tha t T^^ ^ T^^. 

(h) Combina t ion of cond i t ions d-g i m p l i e s t h a t e a c h phase 
expands ind iv idua l ly in an i s e n t r o p i c m a n n e r ; in p a r t i c u l a r , the v a p o r p h a s e 
expands i s e n t r o p i c a l l y as an idea l gas from, the s t a g n a t i o n l o c a t i o n to the 
t h r o a t : PvX = c o n s t a n t . 

(i) The l iquid p h a s e is i n c o m p r e s s i b l e d u r i n g the e x ­

pans ion : d v L / d P = 0-

(j) The v a p o r p h a s e at the t h r o a t e x p a n d s in a po ly t rop ic 
m a n n e r to accoun t for s o m e of the hea t t r a n s f e r r a t e at t h a t l o c a t i o n : 
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dVy\ / - v y 

dP / \ n P . 
t t 

(60) 

It is assumed that the the rmal -equ i l ib r ium, two-component, 
polytropic exponent n, derived by Tangren et al. '* and given by 

n 

(1 - x ) — - + x 
"Pv 

"P^ x ' 
(1 - x ) ^ + i i 

^PV ^ 

(6i: 

can be used in Eq. 60 to account for some of the hea t - t rans fe r rate at the 
throat . 

The interphase momentum t ransfer rate is indicated by 
the factor (dk/dP)^. Since it is assumed that there is negligible m a s s t rans fe r 
at the throat , xi =̂  x^, this implies that the actual one-component mixture be ­
haves as a two-component fluid. The velocity rat io is also considered a com­
posite function of p r e s s u r e and posit ion, k = k[P(z)], so that (dk/dP)^ can be 
expressed as the quotient of the position rate of change of the velocity ra t io 
and p r e s s u r e . Since the one-component mixture is assumed to behave in a 
two-component manner , the tw^o-component, air-w^ater, critical-flow^ data of 
Vogrin'^ v/ere analyzed. These data indicated that the velocity ra t io is a m i n i ­
m u m at the throa t , and the p r e s s u r e gradient at the throat is finite. This i m ­
plies that 

[ ^ - »• (^^' 

With the homogeneous assumption, the interphase hea t -
t ransfe r p r o c e s s , descr ibed by Eq. 60, the assumption of negligible m a s s 
t ransfe r from entrance to exit, Xi =« x^, and the near ly constant V L from en­
t rance to exit, Eq. 35 reduces to 

^i^V , ,dx 
- ^ - (-V - ^ L i ) ^ 

-1-1/2 

(63) 

The actual fluid quality was formulated as 

X = kN(xE)xE, (64) 

where N(x£) is a nonequil ibrium p a r a m e t e r and xj^ is the equi l ibr ium quality 
given by Eq. 38 for the assumed isentropic expansion. A know^ledge of N(XT7.) 



50 

at the t h r o a t d e s c r i b e s the n o n e q u i l i b r i u m m a s s - t r a n s f e r p r o c e s s at t ha t l o ­

ca t i on . Noting the n o - s l i p cond i t ion at the t h r o a t , Eq . 64 i s d i f f e r e n t i a t e d to 

p r o d u c e 

dx 
d P 

d X y 

N 
(65) 

d P 

w h e r e (dN/dP) t h a s b e e n shown to be neg l ig ib le^ for c o n s t a n t - a r e a duc t s and 

i s a l s o a s s u m e d to be neg l ig ib l e for n o z z l e f lows . 

D i f f e ren t i a t ing E q . 38 and s u b s t i t u t i n g in to E q . 65 y ie ld 

dx 
d P 

N 

' V L E , 

d s 
V E 

ds 

xr d P 
+ (1 - xi)-

L E 

d P 
(66) 

The f a c t o r ( d s y / d P ) t i s d e t e r m i n e d by combin ing the r e v e r s i b l e F i r s t Law 
for the v a p o r p h a s e (Eq. 42) , the equa t ion of s t a t e of the v a p o r p h a s e t r e a t e d 
as an idea l g a s , the po ly t rop i c e x p a n s i o n r e l a t i o n for the v a p o r p h a s e (Eq. 60), 
the def in i t ion of the c o n s t a n t - p r e s s u r e spec i f i c hea t c a p a c i t y of the v a p o r phase, 
the r a t i o of spec i f ic hea t c a p a c i t i e s of the v a p o r p h a s e , and the r e l a t i o n b e ­
t w e e n the gas c o n s t a n t and the spec i f ic hea t c a p a c i t i e s of the v a p o r p h a s e 
t r e a t e d a s an idea l g a s . Th i s y i e lds 

d s VT 

d P - ( -
^ \ n 

(67) 

When Eq . 67 is s u b s t i t u t e d into Eq . 66, and Eq . 66 into E q . 63 , the r e l a t i o n for 

the c r i t i c a l flow r a t e b e c o m e s 

x-v i V y V ^ ^ ' 
n P ' V L E 

d s -

( l - X i ) N 
^E 

d P 
(68) 

The p a r a m e t e r N ( X E ^ ) i s of p r i m a r y inapor t ance in the 
low-qua l i t y r e g i m e . It w a s e v a l u a t e d by not ing the t h r o a t e q u i l i b r i u m quali ty 
a t the point w h e r e the m e a s u r e d c r i t i c a l flow rates*^'*^ s t a r t e d to s ignif icant ly 
i n c r e a s e above the h o m o g e n e o u s - e q u i l i b r i u m - c a l c u l a t e d c r i t i c a l flow r a t e . 
The n o n e q u i l i b r i u m p a r a m e t e r is thus of s ign i f i cance for t h r o a t q u a l i t i e s l e s s 
than the value at wh ich the m e a s u r e d flow r a t e s a r e g r e a t e r t h a n the 
e q u i l i b r i u m - c a l c u l a t e d flow r a t e s . B a s e d on t h e s e o b s e r v a t i o n s , the n o n -
e q u i l i b r i u m p a r a m e t e r is f o r m u l a t e d a s 

N X 
Et^ 

X E / 0 . 1 4 , X E t < 0.14 

1, X E ^ S O . 1 4 . 

(69) 
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The r e l a t i o n for the c r i t i c a l flow r a t e (Eq. 68) i s t h e n 
c o u p l e d w i th the o v e r a l l t w o - p h a s e m o m e n t u m equa t ion to ob ta in a so lu t ion 
b a s e d only on u p s t r e a m s t a g n a t i o n c o n d i t i o n s : 

.[vyXi +VL.(1 -Xi)]dP = d(iu^). (46) 

Using the a s s u m p t i o n of a p o l y t r o p i c e x p a n s i o n of the v a p o r p h a s e p e r m i t s 
E q . 46 to be i n t e g r a t e d f r o m the u p s t r e a m loca t i on to the t h r o a t l o c a t i o n u n d e r 
the a s s u m p t i o n s l i s t e d a b o v e , and it c a n be r e a r r a n g e d to p r o d u c e 

YxiPi, 
(1 - Xi)vLiPio( l - Tl) + - — ^ ( v y . - Hvy^) = i G | [ x i V y ^ + V L i d - Xi)] (70) 

The r e l a t i o n for the c r i t i c a l flow r a t e (Eq. 68) i s s u b s t i t u t e d into E q . 70 and 
r e a r r a n g e d to y i e ld 

Tl = 

OiA 

On 
• ( 1 - T l ) + 

Y - 1 

• ^ + ^ 
2P4 Y - 1 

Y/(Y-i) 

(71) 

w h e r e 

vy^ = ^Vi^ 
- i / Y 

v y . ^ i 
1 

Ol- = 
i Vy.Xi + VLi( l - Xi) ' 

(72) 

(73) 

-v , - i 
°̂ t vy^x i + V L . ( 1 - Xi) ' 

(74) 

a n d 

n \ V-, 
Vt/ 

(1 - Xi)NP^ d s ^ ^ ' V / 1 

x-s i ^ V L E , 
d P 

' V L i \ n Y/ 
(75) 

The t r a n s c e n d e n t a l r e l a t i o n for the c r i t i c a l p r e s s u r e r a t i o (Eq. 71) i s s o l v e d 
by i t e r a t i o n , and the r e s u l t i n g c r i t i c a l p r e s s u r e r a t i o is u s e d in Eq . 68 to d e ­
t e r m i n e the c r i t i c a l flov/ r a t e . T h u s , unique so lu t i ons for the c r i t i c a l flow 
r a t e and c r i t i c a l p r e s s u r e r a t i o a r e ob ta ined for g iven u p s t r e a m s t a g n a t i o n 
c o n d i t i o n s . 
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When x^ goes to un i t y , i . e . , when the u p s t r e a m fluid be­

c o m e s c o m p l e t e l y s a t u r a t e d v a p o r , Eq . 71 r e d u c e s to 

and Eq 

Tl = 

. 68 

Gc 

(v 

i s 

-{ 

Y/(Y-i) 

+ 1/ 

simplified to 

v \-*/^ 

^ Y p i t • 

(76) 

(77) 

Equa t ions 76 and 77 a r e p r e c i s e l y the f o r m u l a t i o n s for the c r i t i c a l flow r a t e 
(Eq. 17) and the c r i t i c a l p r e s s u r e r a t i o (Eq. 19) d e r i v e d in a s i n g l e - p h a s e sys­
t e m for an i d e a l gas expanding i s e n t r o p i c a l l y . 

The fo rego ing f o r m u l a t i o n for the c r i t i c a l flow r a t e and 
c r i t i c a l p r e s s u r e r a t i o has been b a s e d on a u n i f o r m l y d i s t r i b u t e d flow wi th a 
n o n z e r o e n t r a n c e qual i ty t h r o u g h an idea l n o z z l e . F o r e n t r a n c e g e o m e t r i e s 
tha t d e p a r t f r o m an i d e a l n o z z l e , a t w o - p h a s e c o m p r e s s i b l e d i s c h a r g e coef­
f ic ien t , e s s e n t i a l l y the s a m e as the s i n g l e - p h a s e c o m p r e s s i b l e d i s c h a r g e c o ­
efficient, '^" ' '^ c a n be u s e d , and Eq . 71 i s a l t e r e d in the t e r m (iC^Pcv|). 

T h i s m o d e l can a l s o be app l i ed to s a t u r a t e d and s l ight ly 
subcoo led l iquid e n t r a n c e c o n d i t i o n s . F o r t h i s c a s e , x i £ 0, and the c r i t i c a l 
flow r e l a t i o n in Eq . 68 r e d u c e d to 

Gc 

d s j 
N L g 

< - V - L i > s ^ ^ ^ d P 

-1/2 

(78) 

The s a m e r e l a t i o n for the n o n e q u i l i b r i u m p a r a m e t e r (Eq, 69) i s u s e d in Eq. 78. 
One add i t iona l a s s u m p t i o n m u s t be m a d e r e g a r d i n g the t h e r m o d y n a m i c s ta te 
of the vapo r at the t h r o a t . It is a s s u m e d tha t the v a p o r i s s a t u r a t e d at the 
t h r o a t p r e s s u r e . The z e r o - i n l e t - q u a l i t y condi t ion r e d u c e d the c r i t i c a l -
p r e s s u r e - r a t i o r e l a t i o n (Eq. 70) to 

The c r i t i c a l flow r a t e in Eq . 78 i s s u b s t i t u t e d into Eq . 79, 
and the r e s u l t i n g t r a n s c e n d e n t a l r e l a t i o n i s so lved for the c r i t i c a l p r e s s u r e 
r a t i o and subsequen t ly for the c r i t i c a l flow r a t e . T h u s , both the c r i t i c a l flow 
r a t e and c r i t i c a l p r e s s u r e r a t i o a r e a l s o d e t e r m i n e d for s a t u r a t e d and sl ightly 
subcoo led l iquid in le t cond i t i ons . 
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This identifies one of the significant features of this model ; 
namely, it can predict both the cr i t ica l flow rate and c r i t i ca l p r e s s u r e ra t io for 
sa tura ted and slightly subcooled liquid, two-phase mix tu re s , as well as sa tu­
ra ted and superheated vapor entrance fluid conditions. This capabili ty makes 
this model a versa t i l e and useful analytical tool. 

c. Specific Initially Subcooled and Saturated Liquid Analytical 
Model. The following initially subcooled and saturated liquid critical-flow^ 
model is reviewed in this section because it will be used in the following sub­
cooled blowdown model (Sec. III.C). 

(l) Henry Model. Henry'^ proposed a model to predic t the 
c r i t i ca l flow rate and c r i t i ca l p r e s s u r e rat io for initially subcooled and sa tu­
ra ted liquid flowing through cons tan t -a rea ducts with sharp and wel l - rounded 
en t rances and L/D > 0. The assumptions in the model a r e : 

(a) The flow^ is one-dimensional . 

(b) It is fr ict ionless and adiabatic. 

(c) It is homogeneous: k = 1. 

(d) The liquid phase is incompress ib le . 

(e) The ra te of m a s s t ransfe r at the choking location is 
finite (not frozen), but less than equil ibrium. 

The foregoing assumptions reduce Eq. 35 to 

dv 
1 x ^ + (vv - V L ) ^ ] . (80) 

G^ " " r d p ^^^V 

F o r cons tan t - a rea , sharp-en t rance ducts of 0 ^ L /D < 3, the flow regime is 
a superheated liquid jet surrounded by a two-phase annulus. Fo r 3 < L / D 
^ 1 2 , the superheated liquid jet breaks up and vapor is formed w^ithin it. It is 
a s sumed that the fluid is completely disbursed at 12D, and the axial p r e s s u r e 
distr ibution is constant until the breakup is complete. The p r e s s u r e drop from 
ups t r eam to L = 12D in a sharp-en t rance tube is then geometry- induced, and 
it can be wri t ten as 

d J-o 

where the orifice discharge coefficient Ĉ ^ = 0.61 is used. The fluid quality 
is a s sumed to be zero at 12D, but the rate of m a s s t r ans fe r , (dx/dP) , is con­
s idered to be finite. The exit quality is formulated as in Eq. 64 with k = 1, 
and the exit equi l ibr ium quality is that in Eq. 38. The nonequil ibrium p a r a m ­
e te r N, given by 
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N = 

'20xE , XE^ < 0.05 

X E ^ 0 .05 , 

(82) 

deve loped for ex i t p r e s s u r e s up to 300 p s i a , and it w a s a s s u m e d to be valid 
a t 12D. F r o m E q s . 38 and 64, the f ac to r ( d x / d P ) ^ in Eq . 80 t h e n b e c o m e s 
w a s 

(M N 
dx E 
d P 

-N 

sVLf 
^ E 

d S y d s L 
+ (1 - X E ) 

d P d P 
(83) 

-"e 

This s i m p l i f i e s Eq. 80 to 

-(v 
G ' V 

d x E 
(84) 

-"e 

w h e r e the v a p o r p h a s e i s a s s u m e d to be s a t u r a t e d at the ex i t p r e s s u r e . E q u a ­
t ions 84 and 81 a r e s i m i l a r to t hose d e r i v e d by H e n r y and F a u s k e * in E q s . 78 
and 79 for n o z z l e f low, excep t for the d i f f e r e n c e s of the d i s c h a r g e coeff ic ient 
and the ex i t e q u i l i b r i u m qual i ty . E q u a t i o n s 81 and 84 a r e t h e n so lved s i m u l ­
t a n e o u s l y whi le sa t i s fy ing the c r i t i c a l - f l o w c r i t e r i o n , Eq . 13, for the c r i t i c a l 
flow r a t e and c r i t i c a l p r e s s u r e r a t i o b a s e d only on the u p s t r e a m s t agna t i on 
p r e s s u r e and t e m p e r a t u r e . E v e n though th i s m o d e l is d e r i v e d for L / D = 12, 
it has been shown to be a c c u r a t e to at l e a s t L / D = 5. 

The fo rego ing m o d e l can be e x t e n d e d to c o n s i d e r s h a r p -
e n t r a n c e , c o n s t a n t - a r e a duc ts of L > 12D. In t h i s c a s e , the t o t a l p r e s s u r e drop 
i s the e n t r a n c e p r e s s u r e d r o p , Eq . 8 1 , p lus a m o m e n t u m f lash ing p r e s s u r e 
d r o p given by 

A P M = G^xe(vyg - V L - ) - (85) 

The o v e r a l l p r e s s u r e d rop is then the s u m of E q s . 81 and 85 , w h i c h y i e lds 

L i 

2C^ 
+ x^fv e^vy^ - VLi V T . . ) 

(86) 

The n o n e q u i l i b r i u m p a r a m e t e r N in Eq . 82 is a s s u m e d to be a p p l i c a b l e for 
L / D > 12, and the exi t qual i ty i s c o n s i d e r e d to be f in i te . The v a p o r p h a s e is 
c o n s i d e r e d to expand i s o t h e r m a l l y ; when th i s a s s u m p t i o n i s c o m b i n e d wi th 
Eq . 83 , Eq. 80 b e c o m e s 

1 X V V 
d x 

- i^V " ""L . )N 
E 

d P j 
(87) 
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For sha rp -en t rance tubes , the exit quality is assumed to inc rease and approach 
the long-tube exit quality X L J (Eq. 64) in an exponential manner as given by 

= X L T (l - e x p { - B [ ( L / D ) - 12]}), (88) 

w h e r e B = 0 .0523 . E q u a t i o n s 86, 87, 88 , and 64 a r e t hen so lved s i m u l t a n e o u s l y 
wh i l e s a t i s fy ing the c r i t i c a l - f l o w c r i t e r i o n (Eq. 13) for the c r i t i c a l flow r a t e 
and c r i t i c a l p r e s s u r e r a t i o b a s e d only on the u p s t r e a m s t a g n a t i o n p r e s s u r e 
and t e m p e r a t u r e . 

The m o d e l can a l s o be ex t ended to c o n s i d e r duc t s of 
L / D ^ 0 w i th a s m o o t h e n t r a n c e for wh ich C ĵ = 1. The qual i ty is a s s u m e d to 
be z e r o a t L / D = 0, and the e n t r a n c e p r e s s u r e d r o p i s g iven by Eq . 81 w i t h 
Cjj = 1. Equa t i on 86 for Cd = 1 i s c o n s i d e r e d to d e s c r i b e the t o t a l p r e s s u r e 
d r o p , and the c r i t i c a l flow r a t e i s a s s u m e d to be r e p r e s e n t e d by Eq . 87. The 
ex i t qua l i ty for a s m o o t h - e n t r a n c e duct i s g iven by 

Xe = X L T { I - e x p [ - B ( L / D ) ] } , (89) 

w h e r e X L T I S f o r m u l a t e d in Eq . 64 and B is aga in 0 .0523. 

C. Subcoded-b low^down Mode l 

The i n i t i a l p e r i o d of b lowdown in wh ich the fluid in a s y s t e m is i n i t i a l l y 
s u b c o o l e d o r s a t u r a t e d l iquid i s a n a l y z e d in th i s s e c t i o n . It i s a s s u m e d tha t a 
s y s t e m t h a t i n i t i a l l y c o n t a i n s a fluid at an e l e v a t e d s u b c o o l e d - l i q u i d t h e r m o ­
d y n a m i c s t a t e i s i n s t a n t a n e o u s l y opened to a m b i e n t c o n d i t i o n s . The flow^ f r o m 
the s y s t e m t h r o u g h the c o n s t a n t - a r e a e x h a u s t duct i s c o n s i d e r e d to be o n e -
d i m e n s i o n a l and choked at the d i s c h a r g e - d u c t ex i t for m o s t of the s u b c o o l e d 
p e r i o d of d e c o m p r e s s i o n . The e l a s t i c i t y of the v e s s e l m a t e r i a l is c o n s i d e r e d , 
and the v o l u m e of the e x h a u s t duct i s a s s u m e d to be c o n s t a n t . 

T h e p e r i o d at the s t a r t of subcoo led blowdow^n in w^hich the flow r a t e 
i n c r e a s e s f r o m z e r o to a q u a s i - s t e a d y choked va lue i s n o r m a l l y r e l a t i v e l y 
s h o r t . T h i s i n t e r v a l i s a l s o t y p i c a l l y of the s a m e o r d e r a s the t i m e r e q u i r e d 
to e x h a u s t the o r i g i n a l fluid m a s s con ta ined wi th in the d i s c h a r g e duc t . T h i s 
c a n be shown by app ly ing the m o m e n t u m equa t ion to the fluid in a s m o o t h -
e n t r a n c e , f r i c t i o n l e s s e x h a u s t duct a s 

(Pi^ - P a ) A e = p ^ A e L E D ^ . (90) 

E q u a t i o n 90 y i e ld s a cons t an t fluid a c c e l e r a t i o n in the i dea l d i s c h a r g e duct a s 
g iven by 

dG du 1 /.̂ ^ _. > , , 
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Equa t ion 91 can be i n t e g r a t e d for an a r b i t r a r y e n t r a n c e to the e x h a u s t duct to 
d e t e r m i n e the t i m e r e q u i r e d for the flow r a t e to i n c r e a s e to a g iven v a l u e as 

G L E D (92) 

' G ^ Cd(Pi^ - P a ) ' 

The r e q u i r e d t i m e to e x h a u s t the o r i g i n a l fluid m a s s in the d i s c h a r g e duct can 

be e v a l u a t e d f r o m 

' ^ ^ - ^ A e ( P i „ - P a ) t d t . (93) 
L E D ° 

which y i e lds 

2p 

l̂ EM - ^ E D 
I 

Cd(Pio - P a ) 

1/2 

(94) 

T h u s , for any flow r a t e l e s s t h a n 

*/ ' (95) 
G 2CdPp(Pi - P a ) C \ 

and in p a r t i c u l a r for the c r i t i c a l flow r a t e , E q s . 92 and 94 i n d i c a t e t h a t t c ^ < 
t E M - E o r T e s t 2 in t h i s s tudy , w h i c h was i n i t i a t ed at 4 0 2 - p s i a s a t u r a t e d -
w a t e r c o n d i t i o n s , the l eng th of the e x h a u s t duct w a s about 13 i n . , the d i s cha rge 
coeff ic ient w a s v i r t u a l l y uni ty as a s c e r t a i n e d in the c a l i b r a t i o n t e s t , and the 
in i t i a l c r i t i c a l flow r a t e w a s about 6100 I b m / s e c - f t ^ T h i s t e s t is u s e d for 
i l l u s t r a t i o n , even though it was an in i t i a l ly s a t u r a t e d - l i q u i d r u n . The t i m e r e ­
qu i r ed for the flow r a t e to i n c r e a s e to 6100 I b m / s e c - f t ^ w a s about 4 m s e c ; the 
r e q u i r e d t i m e to e m p t y the o r i g i n a l fluid m a s s in the d i s c h a r g e duct w a s about 
9 m s e c . Th i s shows tha t the a c c e l e r a t i n g flow p e r i o d at the s t a r t of blowdown 
is s m a l l c o m p a r e d to the o v e r a l l subcoo led d e c o m p r e s s i o n p e r i o d dur ing mos t 
of which t i m e the flow is choked . 

The t r a n s i e n t , unchoked flow r a t e at the s t a r t of subcoo led blowdown 
can be d e t e r m i n e d f r o m Eq . 92 whi le accoun t ing for the i n s t a n t a n e o u s i n t e r n a l 
v e s s e l p r e s s u r e . When the flow r a t e in Eq . 92 i n c r e a s e s to the c r i t i c a l flow 
r a t e , the flow b e c o m e s choked at the ex i t of the e x h a u s t duct . The c r i t i c a l 
flow r a t e and the c r i t i c a l p r e s s u r e r a t i o c a n be i ndependen t ly d e t e r m i n e d from 
an in i t ia l ly s u b c o o l e d - and s a t u r a t e d - l i q u i d c r i t i c a l - f l o w m o d e l , s u c h as that 
of Hen ry , ' ^ eva lua t ed at the i n s t a n t a n e o u s i n t e r n a l v e s s e l c o n d i t i o n s . After 
the i n c r e a s i n g t r a n s i e n t flow r a t e e q u a l s the c r i t i c a l flow r a t e , the flow is then 
choked , and the exi t p r e s s u r e is a s s u m e d to i n c r e a s e i n s t a n t a n e o u s l y to the 
c r i t i c a l exi t p r e s s u r e and r e m a i n at s u c h a va lue for the r e m a i n d e r of s u b ­
cooled d e c o m p r e s s i o n . 
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The continuity equation for flow from the sys tem is 

d m 5 
-GAe, (96) 

dt 

and this relat ion with the unchoked flow rate from Eq. 92, or the c r i t i ca l flow 
r a t e , w^hichever is pert inent , can be integrated to determine the instantaneous 
fluid m a s s remaining within the sys tem. The specific volume of the remaining 
liquid within the sys tem is then determined from 

V T 
V, = — . (97) 

The effect of the elast ici ty of the vesse l ma te r i a l on the subcooled blow-
down can be accounted for by considering the hoop s t r e s s in a thin-walled 
v e s s e l , S/Di ^ 0.1, as given by 

a = J^[PoDi - Pa(Di + 2 6)]. (98) 

The s t ra in e produced by a normal s t r e s s CT in a vesse l that obeys Hooke's law 
in the elast ic range of the vesse l ma te r i a l is 

(99) 
Eves 

where the s t ra in is defined as 

e = —. (100) 

r 

For a cylindrical ves se l , the internal volume is given by 

V T = TTr?L, (101) 
and differentiating Eq. 101 produces 

dr . 
dVT = 2 V T . (102) 

^i 

The s t ra in (Eq. 100) can be substituted directly into Eq. 102 to determine the 
change in the or ig inal , uns t r e s sed vesse l volume by the initial difference in 
p r e s s u r e imposed ac ros s the vesse l wall (Eq. 98). 
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Equa t ion 97 c a n be d i f f e r en t i a t ed to p r o d u c e 

dv^ 1 dVT V r d m ^ (103) 

dt " m ^ dt m ^ dt 

,̂ ^ /dt is e v a l u a t e d f r o m Eq . 96, and d V T / d t i s e v a l u a t e d by d e t e r m i n i n g 

d e c r e a s i n g f r o m the in i t i a l s t a g n a t i o n p r e s s u r e . 

The r a t e of p r e s s u r e d e c r e a s e wi th in the s y s t e m i s a l s o c o n t r o l l e d by 

the e l a s t i c i t y of the l iqu id as g iven by 

d P ^ ^ . (104) 

dt vjf dt 

w h e r e d v , / d t i s d e t e r m i n e d f r o m E q . 103. E q u a t i o n s 98 -104 " ^ . ^ h - J ^ ^ ^ ^ -
r^ned to d e t e r m i n e the p r e s s u r e in the v e s s e l at a g iven t i m e du r ing d e p r e s ­
s u r i z a t i o n a f te r a c o u s t i c re l ie f . Th i s a n a l y s i s t h e n p r e d i c t s the subcoo led 
r c o m p r T s ^ i o n c h a r a c t e r i s t i c s of a s y s t e m whi le c o n s i d e r i n g t ^ e j - t i c i t y of 
both the v e s s e l m a t e r i a l and the con ta ined l iqu id , unchoked flow a t the s t a r t of 
the blowdown, and c r i t i c a l flow dur ing the m a j o r p o r t i o n of subcoo led 
d e c o m p r e s s i o n . 

D. B u b b l e - g r o w t h Blowdown Model 

The p r e s s u r e - r e c o v e r y p h e n o m e n o n du r ing the e a r l y s t age of blowdown 
af ter the s y s t e m p r e s s u r e h a s d r o p p e d below the l o c a l s a t u r a t i o n p r e s s u r e is 
ana lyzed i l t h i s s e c t i o n . It is p o s t u l a t e d tha t the v o l u m e - p r o d u c i n g m e c h a n i s e 
wi th in the s y s t e m af te r the end of subcoo led d e p r e s s u r i z a t i o n i s t h a t of m e r 
r a l l y and t h e r m a l l y d o m i n a t e d v a p o r - b u b b l e g r o w t h . The i n t e r n a l vo lume of 
the s y s t e m is c o n s i d e r e d c o n s t a n t , so t ha t 

(105) 
V T = V v + V L = m y v y + mLVL-

Equat ion 105 can be d i f f e r en t i a t ed to p r o d u c e 

d v y _i / d m ^ d m y dv^N ^^0^) 

We can d e t e r m i n e dvi^/dt f r o m the e l a s t i c i t y of the l iquid p h a s e a s 

d^L _ -1 d P (107) 

dt ~ E ^ V L dt ' 



59 

If the vapor phase is assumed to expand along the sa tura ted-vapor boundary, 
which is essent ia l ly an i so thermal expansion, the left side of Eq. 106 can be 
approximated as 

dv V 
dt ^ dt • 

(108) 

Substituting Eqs . 107 and 108 into Eq. 106 produces the following relat ion for 
the t ime ra te of change of the sys tem p r e s s u r e : 

d P P E i d m . d m 
+ Vl 

V 
dt m y v y E L + V L P \ L dt V dt 

The total m a s s flow rate from the system is given by 

dm ^ . 
dt ® 

(109) 

(110) 

F o r homogeneous, incompress ib le flow, which is a good approximation during 
the ear ly , low-void-fract ion period of the blowdown, 

G = pu - [2p(l - Tl)PiJ'^', (111) 

where T] is the sa turated- l iquid c r i t i c a l - e x i t - p r e s s u r e ra t io , and the fluid den­
sity is given by 

P = PyO? + P E ( 1 - Of). 

Equation 111 can be r ea r r anged as 

-,1/2 

u = 

(112) 

Pyo? + P L ( 1 - a) 

The m a s s flow rate of the liquid phase from the sys tem is then 

^1/2 

(113) 

d m L 
dt 

-p^Ae(l - a) 
2(1 - T1)P 

iQ 

Py» + P L ( 1 - Q') 
(114) 

and the m a s s flow rate of the vapor phase from the sys tem is 

1/2 

p 2(1 - TljP.^ -

-dT = •Pv^eO' 

d m . 

PyÔ  + P L ( 1 - ^) 
(115) 
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Equation 114 for the rate of U,uid m a s s escaping ^ - ^ ' j ^ y / f ; - ^ / ; : , ^ : ^ tn in 
.tit„teH directly into Eq. 109. The change m the m a s s of the vapor pna 
the sys tem in Eq. 109 is the net result of the production rate of vapor mass by 
bubble growth within the sys tem and the r a te of vapor mass exhausted from 

the system. 

The inert ial ly dominated bubble-growth period^^ given by 

-[^ v^(Psat .'] 
1/2 (116) 

is verv short for most fluids, and it was approximately lO'^ sec in the tes t s 
report'ed in this study. Thus, the bubble growth is assumed to be p r imar i ly 
thermal ly controlled,^^'*°° as given by 

12 T 2 
— af Ja 

1/2 
-1/2 (117) 

where the Jakob number Ja is 

=PT PLC^ " '^sat) 
Ja 

(118) 
PyhVL 

This is ascer ta ined by equating Eqs . 116 and 11 7 to ^^'^^^^^^'^^J^J'^^l^^ 
inertially dominated bubble growth. This t ime interval se rves as the minimum 
" m e increment for calculating bubble growth if only the thermal ly dominated 
regime is considered. However, the inert ial ly controlled per iod should always 
be determined and considered if it is significant. 

The volume of an individual spher ical bubble growing in a thermally 
dominated manner , Eq. 117, is given by 

V, 

3/2 

4 / 1 2 , 2 . 3 / 2 (119) 

where t is the time from inception. 

The departure d iameter of s team bubbles growing from a surface in 
1-boiling conditions has been cor re la ted by Cole and Rohsenow and is 

poo 
given by 

D^ = 1.5 x 10"* 
'L Py) 

1/2/^PLpL^Sat^ 
5/4 

P V V L 
(120) 
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The depar ture diameter can then be used in Eq. 11 7 to determine when a bubble 
will separa te from the surface . By knowing the depar ture-bubble d iameter 
and the total amount of internal surface a rea within the sys tem, and considering 
that the bubbles on the wall at depar ture a re spher ica l in shape and a r ranged 
in a typical t r iangular a r r a y , we can determine the maximum number of nu­
cleation si tes by assuming the bubbles touch at depar ture as 

2 ^T 
^MAX " y ^ ' o ^ - (121) 

The period of growth of a given generation of bubbles from the surface 
can be broken down into time increments less than the time of depar ture of 
the bubbles in order to analyze thei r differential growth. F o r a t ime g rea te r 
than the inert ial ly controlled period and less than the depar ture t ime of a 
bubble from the surface , the increasing d iameter of a bubble can be determined 
from Eq. 117. Equation 119 can be differentiated to determine the incrementa l 
inc rease in the volume of a given generat ion of bubbles as 

, Atj AJa-r 
AVy = f Vy -f 3Vy (122) 

where VVT-.J _g is the total volume of vapor in the generat ion of bubbles at t ime 

step T - l . When the diameter of the growing bubbles on the surface reach the 
depar ture d iameter given in Eq. 120, another generation of bubbles leaves the 
surface and continues to grow in the bulk liquid. The net increase in vapor 
volume of all previous generat ions in the free s t r e a m during a given tinae 
interval is 

Sr̂ * / , At^ AJa^X 

where Amy is given in Eq. 115. The total vapor volume of all previous gen­
era t ions in the free s t r e a m up to the present time is then 

VV„ = I AVy^ • (124) 
T = l 

The total vapor volume in all generat ions of bubbles up to the present t ime is 

W = Vv^ + V v ^ , (125) 
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where 

T'=I T ' = I 

Time in Eq. U 6 is ^easured fr m the star, of the current jeneration^of^^^^^^ 

T o f t e ^ s ; = c i r b e ' d e t e ° r m r a by Knowing the current total volume of 

vapor in that sector as 

9^ (127) 

VVi = I Vbg.Ng., 

and the cur ren t total vapor volume in the entire sys tem as 

^ .T (128) 

^VT = XJHT^^' 

^--^^^^^ e:̂ :r:̂  ti: ^--^q^^ 
the surface and th'e number of existing bubble generat ions a re approximately 

the same in all regions of the sys tem, then G / G (129) 
V̂i/VVT - I % i / Z ^ST-

/ g = i / g = i 

Using Eq. 121 reduces Eq. 129 to 

^Vi _ Si_ (130) 

Vv-p S T ' 

Since the void fraction in a given sector of the sys tem is defined as 

Oii 
(131) 

1 

V 1 

use of Eq. 130 produces 

S-

°̂ i ~- i :^ i^vT-
(132) 
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The value of the void fraction in the region nea re s t the break in the 
sys t em is then used in Eqs . 114 and 11 5 to determine the amount of the liquid 
and vapor phases exhausted from the sys tem per unit t ime. The total vapor 
volume produced in the sys tem at a given t ime is the sum of the inc rease in 
volume of the vapor bubbles in the free s t r e a m and those growing from the 
solid surface , as given by 

AVVT = AVv^ + AVVw . (133) 
T < 

where the two t e r m s on the right side of Eq. 133 are given in Eqs . 123 and 126. 
The incrementa l m a s s of vapor produced within the sys tem can be approxi ­
mated as 

^"^Vp = Pv^^^V.,. (134) 

The net change in the m a s s of the vapor phase within the sys tem is then 

Amy = Amy + Amy . (135) 

This net change in the m a s s of the vapor within the sys tem, given by Eq. 135, 
is then used in Eq. 109, and the cu r ren t total m a s s of the vapor phase contained 
within the sys tem is 

1.-1 
m y = ^ Amy + Amy . (136) 

T = l "̂  — 

If the d iameter of the bubbles in the p resen t generation growing from 
the surface has not yet reached the depar ture d iameter , they and the free 
s t r e a m bubbles continue to grow at a rate determined by the instantaneous 
Jakob number (see Eq. 122). However, if the diameter of the growing bubbles 
in the p resen t generat ion has reached the depar ture d iameter , this generation 
of bubbles sepa ra t e s from the surface , and the cur ren t internal vesse l p r e s ­
sure de te rmines a new depar ture-bubble diameter from Eq. 120. This then 
de te rmines , from Eq. 121, a new value of the number of vapor bubbles grow^ing 
from the surface in the next generat ion. This analysis then applies to the 
period of blowdown in which the fluid configuration remains to be that of bub­
bles grow^ing in a superheated liquid. 

E. Dispersed Blowdown Model 

The period of blowdown in which the fluid configuration changes from 
vapor bubbles growing in a superheated liquid toward a d i spersed l iquid-vapor 
mix ture that approaches thermodynamic equil ibr ium is considered in this s e c ­
tion. If the t rans i t ion from a bubbly to d i spersed fluid configuration is assumed 
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to occur at a charac te r i s t i c value of the void fraction a„ ^l^^l^^^XTsure P-
and the remaining fluid is assumed to expand - - ^ - P ^ ^ ^ ^ ^ Y ^ ^ ^ ^ V j r s p e c l f i c ' 
.nd fluid quality x- at this condition would then determine the initial speciiic 
: n t r o p T s n r o - w k c h the fluid would expand in the d i spersed regime of blow-
down as given by 

, N/ ^ (137) 
Si = S y ( P i ) x i + SL(P i ) ( l - Xi). 

F o r a homogeneous fluid, the quality at the fluid-conflguration t rans i t ion in 

Eq. 137 can be determined from 

^L(Pi)^i (138) 

^i ^ VL(Pi)c^i+Vy(Pi)(l -o'i)' 

The continuity equation for flow from the sys tem is given by 

dm ^ , (139) 
——- = - U c A e . 

dt 
which can be integrated to determine the instantaneous fluid - s s - m a m i - g 
within the svs tem The two-phase cr i t ica l flow rate m Eq. 139 is determined 
7rom the Henry-Fauske* crit ical-flow model. The instantaneous specific vol­
u m e of L e remaining mixture is determined from v = ^ / m , and h s p e - f , , 
volume can then be used to determine the homogeneous-fluid quality from 

V 

m - ^ L ( P ) (140) 
X = 

- V L ( P ) • 

If the remaining homogeneous mixture is assumed to expand isentropical ly so 

that 

s. = sy(P)x + S L ( P ) ( 1 - x) = constant. (141) 

where the fluid quality in Eq. 141 is that from Eq. 140, then Eqs . 137-141 can 
be combined to determine the p r e s su re his tory in a sys tem during the homo­
geneously dispersed regime of blowdown. 
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IV. E X P E R I M E N T A L A P P A R A T U S 

A. D e s c r i p t i o n of E x p e r i m e n t a l A p p a r a t u s 

F i g u r e 4 is a s c h e m a t i c d i a g r a m of the blowdown v e s s e l , i t s i n t e r n a l s , 
and i t s s u p p o r t i n g m e c h a n i s m s . The m e t h o d in which the v e s s e l w a s m o u n t e d 
and the a s s o c i a t e d h a r d w a r e is i l l u s t r a t e d in F i g s . 5 and 6, and the p e r t i n e n t 
d i m e n s i o n s of the v e s s e l and the i n t e r n a l s a r e shown in F i g . 7. 

T h e p u r p o s e of the i n t e r n a l s was to s i m u l a t e a s i m i l a r h y d r a u l i c con­
f i gu ra t i on in the e x p e r i m e n t a l b lowdown v e s s e l a s in a f u l l - s i z e r e a c t o r v e s s e l , 
p a r t i c u l a r l y in the d o w n c o m e r annu lus r eg ion . The flow a r e a s in the down­
c o m e r annu lus w e r e s c a l e d by the r a t i o of the e x h a u s t - d u c t flow a r e a in the 
e x p e r i m e n t a l v e s s e l to the i n l e t - d u c t flow a r e a in a f u l l - s i z e v e s s e l . Dur ing 
the b lowdown, the i n t e r n a l v e s s e l g e o m e t r y forced the fluid to d e s c e n d to the 
b o t t o m of the i n t e r n a l s k i r t be fo re it a s c e n d e d the d o w n c o m e r a n n u l u s . 

1. Blowdown V e s s e l and I n t e r n a l G e o m e t r y 

The blowdown v e s s e l w a s a Type 304L s t a i n l e s s s t e e l c y l i n d e r 
wi th 1 7 i ^ - i n . ID and a 7 / 1 6 - i n . - t h i c k wal l . It had a Type 304L s t a i n l e s s 
s t e e l d o m e end cap on the bo t tom, and a Type 304L s t a i n l e s s s t e e l d o m e end 
cap and f lange connec t ion on the top . When the v e s s e l was c o m p l e t e l y a s s e m ­
bled wi th a l l i t s i n t e r n a l s and the ex t ens ion spool on the exhaus t p o r t , the in ­
t e r n a l v o l u m e w a s 5.40 ft^ up to the loca t ion of the i n n e r r u p t u r e d i sk . 

The i n t e r n a l s k i r t c o n s i s t e d of an u p p e r f lange of 1 / 4 - i n . - t h i c k , 
22-g--in.-OD, 1 4 - i n . - I D Type 304 s t a i n l e s s s t e e l p l a t e , a s e c t i o n of 14 - in . , 
1 5 - i n . - l o n g Type 304 s t a i n l e s s s t e e l p ipe , a r i m of 3 / 8 - i n . - t h i c k , 15Y- in . -
OD, 13-,-g--in.-ID Type 304 s t a i n l e s s s t e e l p l a t e , and a s e c t i o n of 1 8 . 0 3 8 - i n . -
long, l 6 - i n . Type 304 s t a i n l e s s s t e e l p ipe . T h e s e p i e c e s w e r e welded t o g e t h e r 
to m a k e the i n t e r n a l s k i r t . S p a c e r s of 5 /16 - in . d i a m e t e r and 9 /16 in. long 
w e r e we lded a r o u n d the ou t s ide d i a m e t e r of the l o w e r p o r t i o n of the s k i r t to 
m a i n t a i n a u n i f o r m a n n u l a r spac ing be tween the ou t s ide of the s k i r t and the 
i n s i d e of the p r e s s u r e v e s s e l , a s shown in F ig . 8. F i g u r e 9 is an a s s e m b l y 
d r a w i n g of the blowdown v e s s e l and i ts i n t e r n a l s . 

The p o r t i o n of the v e s s e l below the d o m e flange w a s w r a p p e d wi th 
s h i e l d e d , N i c h r o m e , r e s i s t a n c e t r a c e - h e a t e r w i r e as shown in F i g . 10. The 
to ta l hea t i ng p o w e r of the t r a c e h e a t e r s w a s about 2 kW. In add i t ion , t h r e e 
U - s h a p e d i m m e r s i o n h e a t e r s (of 4-kW power each) w e r e i n s t a l l ed in the v e s s e l 
t h r o u g h the u p p e r f lange , as shown in F i g . 11. One c y l i n d r i c a l i m m e r s i o n 
h e a t e r (of 6-kW p o w e r ) w a s a l s o i n s t a l l ed in the v e s s e l t h r o u g h the b o t t o m 
f lange . Th i s p r o v i d e d a to ta l e l e c t r i c a l h e a t i n g p o w e r of about 20 kW. 

The e n t i r e v e s s e l and exhaus t duct w e r e then c o v e r e d wi th about 
1 in . of felt i n s u l a t i o n . A coa t ing of m u s l i n was app l ied o v e r the i n s u l a t i o n . 
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Fig. 4. Schematic of Blowdown Vessel and Internals. ANL Neg. No. 900-3186. 
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Fig. 5. Front View of Blowdown Apparatus. 
ANL Neg. No. 900-5146A Rev. 1. 

Fig. 6. Side View of Blowdown Apparatus. 
ANL Neg. No. 900-5145A Rev. 1. O 
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ALL DIMENSIONS IN INCHES 

Fig. 1. 
small-size Blowdown Vessel and Internals. ANL Neg. No. 900-4070A Rev. 1. 
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Fig. 8. Top View of Internal Geometry of Blowdown Vessel. (All dimensions in inches.) ANL Neg. No. 900-4319B. 
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Fig. 9. Internal Geometry and Mourning of Blowdown Vessel. ANL Neg. No. 900-4319 Rev. 2. 
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Fig. 10. External Trace Heaters for Blowdown 
Vessel. ANL Neg. No. 900-4321. 

Fig. 11. Immersion Heaters for Blowdown 
Vessel. ANL Neg. No. 900-4322. 
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2. R u p t u r e - d i s k A s s e m b l y 

The blowdown trans ients were ^'^^^^^^^^^^'^'^^l"!,:::ZCll,-
disks on the end of the exhaust duct. " ^ = ^ ° " " ; " / ; / J i , J^ ^ i t h nitrogen gas 
arated by an intermediate chan^ber wh.ch * " P J ^ ^ ^ ' ^ n g to maintain the 
during heatup. The outer rupture d.sk :^^'^^"ll\\^%^ToM only maintain 
ent ire i„ i t .a l P ' ^ - ^ ; - ^ - ' ; - . ! : d e m t e s s i : : s " t r e initiated by mechani-
about half the in i t i a l p r e s s u r e , i n F i n t e r m e d i a t e c h a m b e r to de-

oally - P - ^ ^ V i f i r p r e f f g : f a t r r r c r o l ' t h e ' : : : ™ d i s k than it could 
- : t \ r r o n s ! : : : ^ y ^ t r u p t u U The e was a l s o a b^^^^^^^ 

the disks ii the P - - - ; ; f ; ; ; ^ r d o ; l % ' e t e l , wMch'could have been used to 
source « - < = - - ' ; / ^ : Jther and eventually fail the rupture d i s k s . This s y s -p r e s s u r . z e the ve s e e f u r t h ^^^^^^ ^^^^ ^ ^^^^^ ^^ ^^^p ^^^^^g^„ 

t e m w a s i so l a t ed t r o m m e ULU . „ f^n ina the o u t e r r u p t u r e disk 
separated from the working fluid, ^^^^^^'^^f^c^nlsyt^r.l.s never required, 
always initiated the d e c o m p r e s s i o n s , and the backup sy 

3. Measurement of Fluid -Weight 

As can be s e e n in Fig . 4, the v e s s e l and i t s contents w e r e s u s ­

pended from a we.ght - - ^ « ' - » - - ^ V j - r ^ ^ ^ ^ n T e r r n ^ / s r a t n , 

r ; ^ - 0 ^ 0 ^ ^ ^ ; i o 1 r r e l l ^ r s r y T e a ^ d : ' l h i ? h p e r m u t e d the ce l l to detect a 

m a x i m u m load of 12 50 Ibf. 

The we igh t t r a n s d u c e r w a s s t a t i c a l l y p r e c a l i b r a t e d by f i l i n g and 

a l so p e r m i t t e d an a c c u r a t e , hot weigh t c a l i b r a t i o n . 

4_ T h r u s t M e a s u r e m e n t 

As shown in F i g . 4, the t h r u s t tha t w a s p r o d u c e d d u r i n g the blow-
down was t r a n s m i t t e d t h r o u g h a r e d u c i n g l e v e r a r m to a n o t h e r fo r ce t r a n s ­
d u c e r which w a s the s a m e type i n s t r u m e n t a s the we igh t t r a n s d u c e r . The 
t h r u s t - r e d u c i n g l e v e r a r m had a r e d u c t i o n - t i o of 10 to . T h . s - — i o n 
p e r m i t t e d the m e a s u r e m e n t at a m a x i m u m t h r u s t of abou 12,500 Ibf^ ^ ^ 
L u s t t r a n s d u c e r was s t a t i c a l l y c a l i b r a t e d wi th a h y d r a u l i c 3ack. - d the sta ic 
load was appl ied d i r e c t l y to a b lank p l a t e which c o v e r e d the ^^'^^^^''J^^'f;'^^ 
the c a l i b r a t i o n ( F i g s . 5 and 6). The s t a t i c load w a s appl ied in th i s - a n n - to 
s i m u l a t e the ac t ion of the t h r u s t upon the v e s s e l and i n s t r u m e n t a t i o n dur ing 
the ac tua l d e c o m p r e s s i o n . 
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5. P r e s s u r e M e a s u r e m e n t 

Al l the p r e s s u r e m e a s u r e m e n t s w e r e m a d e with s t r a i n - g a u g e 
p r e s s u r e t r a n s d u c e r s . F i g u r e 12 is a s c h e m a t i c d i a g r a m showing the l oca t i on 
of the 15 p r e s s u r e t a p s . M o r e de ta i l ed l oca t i ons of the p r e s s u r e t a p s a r e a l s o 
shown in F i g s . 8 and 9. 

The p r e s s u r e t r a n s d u c e r s w e r e a l l S t a t h a m , unbonded, s t r a i n -
gauge t r a n s d u c e r s , and t h e i r r a n g e s v a r i e d f r o m 0-500 to 0-2500 p s i g , the 
m o r e s e n s i t i v e ones be ing l oca t ed at t he p o s i t i o n s of g r e a t e s t i m p o r t a n c e . 
The r e s p o n s e of e a c h t r a n s d u c e r w a s about 3250 Hz , and th is w a s c o n s i d e r a b l y 
f a s t e r t han the blowdown even t . 

Al l the p r e s s u r e t r a n s d u c e r s in the s y s t e m w e r e c a l i b r a t e d cold 
by fi l l ing the s y s t e m wi th w a t e r and then i inpos ing n i t r o g e n - g a s p r e s s u r e o v e r 
the w a t e r . The gas p r e s s u r e w a s m o n i t o r e d wi th a c a l i b r a t e d 0 - 5 0 0 - p s i 
b o u r b o n - t u b e p r e s s u r e gauge . T h e r e w a s a l s o a hot c a l i b r a t i o n of the p r e s ­
s u r e t r a n s d u c e r s . J u s t b e f o r e a t e s t w a s in i t i a t ed , the 0 - 5 0 0 - p s i gauge ind i ­
ca ted the in i t i a l s t a g n a t i o n p r e s s u r e wi th in the v e s s e l , and at the end of the 
d e c o m p r e s s i o n , a l l the p r e s s u r e s w e r e down to a t m o s p h e r i c p r e s s u r e . 

6. M e a s u r e m e n t of Void F r a c t i o n 

An a t t e m p t w a s m a d e to m e a s u r e the bulk void f r ac t i on of the 
fluid r e m a i n i n g in the v e s s e l d u r i n g the blowdown with a d i f f e ren t i a l p r e s s u r e 
t r a n s d u c e r . The i n s t r u m e n t used w a s a S t a t h a m , ±5 p s i , 5 0 0 0 - p s i g - m a x i m u m , 
P M - 8 0 - t y p e , unbonded s t r a i n - g a u g e t r a n s d u c e r . I ts pos i t i on and the l oca t ion 
of i t s c o n n e c t i o n s to the v e s s e l a r e ind ica ted in F ig . 4. 

The d i f f e r en t i a l p r e s s u r e t r a n s d u c e r w a s c a l i b r a t e d cold by f i l l ing 
and e m p t y i n g the v e s s e l wi th w a t e r . A hot c a l i b r a t i o n of the t r a n s d u c e r w a s 
a l s o p o s s i b l e . J u s t b e f o r e a t e s t w a s s t a r t e d , the v e s s e l w a s full of n e a r l y 
s a t u r a t e d w a t e r and the t r a n s d u c e r ind ica ted a full condi t ion . When the d e ­
c o m p r e s s i o n w a s c o m p l e t e d , the t r a n s d u c e r r e g i s t e r e d an e m p t y condi t ion 
plus t h e r e m a i n i n g l iquid tha t w a s accoun ted for . 

The d i f f e r e n t i a l p r e s s u r e t r a n s d u c e r did not p e r f o r m p r e c i s e l y 
as d e s i r e d in t h e s e t e s t s . The t r a n s d u c e r r e c o r d i n g s y s t e m e i t h e r did not 
r e s p o n d , o r i t r e s p o n d e d in a m a n n e r tha t s a t u r a t e d the r e c o r d i n g s y s t e m . 
The s a t u r a t i o n effect w a s p r o b a b l y due to the d i a p h r a g m in th i s t r a n s d u c e r 
h i t t ing i t s m e c h a n i c a l s t o p s . T h u s , r e l i a b l e m e a s u r e m e n t s of the bulk void 
f r a c t i o n w e r e not ob ta ined . 

7. T e m p e r a t u r e M e a s u r e i n e n t 

The t e m p e r a t u r e s of the fluid and the v e s s e l w e r e m o n i t o r e d wi th 
14 C h r o m e l - A l u m e l t h e r m o c o u p l e s a s shown in F i g . 13. E igh t t h e r m o c o u p l e s 
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Fig. 12. Pressure-tap Locations. ANL Neg. No. 900-4323. 
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w e r e s p o t - w e l d e d onto the v e s s e l wal l to m o n i t o r the wa l l t e m p e r a t u r e . Two 
t h e r m o c o u p l e s w e r e welded onto the e x h a u s t - d u c t e x t e n s i o n spool to m e a s u r e 
the spool wal l t e m p e r a t u r e and to obta in an ind ica t ion of the fluid t e m p e r a t u r e 
jus t u p s t r e a m of the i n n e r r u p t u r e d i sk . One 1 / l 6 - i n . - d i a , s h e a t h e d , grounded 
t h e r m o c o u p l e was fixed to one of the t h r e e u p p e r i m m e r s i o n h e a t e r s to mon i ­
to r i t s s u r f a c e t e m p e r a t u r e T ^ du r ing h e a t u p . One s i m i l a r t h e r m o c o u p l e , T^, 
w a s pos i t i oned m i d w a y v e r t i c a l l y in s ide the i n t e r n a l s k i r t in the v e s s e l , as 
shown in F i g s . 4, 9, and 10, to m o n i t o r the fluid t e m p e r a t u r e at t ha t loca t ion 
du r ing h e a t u p . Two 1 / l 6 - i n . - d i a , shea thed t h e r m o c o u p l e s w e r e p l aced inside 
the i n t e r n a l s k i r t a t l oca t i ons 7 and 8, as ind ica ted in F i g s . 4, 8, 9, 12, and 13. 
At t h e s e l o c a t i o n s , the t h e r m o c o u p l e w a s p l aced 1 in. a p a r t f rom, and i m m e d i ­
a t e ly ad jacen t to , a c o r r e s p o n d i n g p r e s s u r e t a p to m o n i t o r the s i m u l t a n e o u s 
p r e s s u r e and t e m p e r a t u r e of the fluid r e m a i n i n g in the v e s s e l a t tha t locat ion. 
The u p p e r t h e r m o c o u p l e , T7, w a s an ungrounded junc t ion , w h e r e a s the lower 
t h e r m o c o u p l e , Tg, was g rounded . E a c h s h e a t h e d t h e r m o c o u p l e w a s checked 
at the n o r m a l a t m o s p h e r i c f r eez ing point and boi l ing point of w a t e r before 
be ing i n s t a l l ed into the a p p a r a t u s , and each w a s a c c u r a t e wi th in ±0.5°F. Two 
of the 14 t h e r m o c o u p l e s i g n a l s , t h o s e f r o m T-, and Tg, w e r e r e c o r d e d as t r a n ­
s i en t s i gna l s du r ing the blowdown, and the r e s t w e r e used to mionitor the fluid 
and v e s s e l t e m p e r a t u r e s d u r i n g hea tup and a f t e r the d e c o m p r e s s i o n . 

8. E l e c t r i c a l Hea t ing S y s t e m 

E l e c t r i c a l hea t ing power w a s suppl ied to the t h r e e u p p e r i m m e r ­
s ion h e a t e r s and the one l o w e r i m m e r s i o n h e a t e r t h r o u g h four 280-V, 28-A, 
v a r i a b l e t r a n s f o r m e r s . E l e c t r i c a l power was a l s o suppl ied to the eight t r ace 
h e a t e r w i r e s t h r o u g h individual 120-V, 7 .5-A, v a r i a b l e t r a n s f o r m e r s . The 
p r i m a r y e l e c t r i c a l p o w e r was all 220 V, t h r e e - p h a s e , ac p o w e r . 

9. D a t a - a c q u i s i t i o n S y s t e m 

The 15 p r e s s u r e s , two i n t e r n a l - v e s s e l t e m p e r a t u r e s , the differen­
t ia l p r e s s u r e a c r o s s the v e s s e l , the v e s s e l and fluid we igh t , and the t h r u s t 
m e a s u r e m e n t s w e r e al l r e c o r d e d on two Honeywel l , Mode l 1508, l i g h t - p e n 
o s c i l l o g r a p h s . The weight , t h r u s t , d i f fe ren t i a l p r e s s u r e , P j , Pg, P14, and Tg 
w e r e a l s o r e c o r d e d on a H e w l e t t - P a c k a r d , Model 3955, m a g n e t i c - t a p e r e c o r d ­
ing unit . 

Motion p i c t u r e s at about 400 f r a m e s / s e c w e r e t a k e n of the exhaust­
ing fluid. A c lose shot , about 1 5 ft f r om the exi t p l ane of the exhaus t duct , was 
t aken to con f i rm choking at tha t loca t ion . A far shot , about 140 ft f r om the 
exhaus t duct , was a l s o t aken of the effluent to o b s e r v e i ts o v e r a l l b e h a v i o r . 

B . O p e r a t i n g P r o c e d u r e 

The o p e r a t i n g p r o c e d u r e for use of the blowdown e x p e r i m e n t a l a p p a r a ­
tus was as fol lows: 
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1. Af t e r a l l the i n s t r u m e n t a t i o n in the s y s t e m had been c a l i b r a t e d 
and two r u p t u r e d i s k s had been i n s t a l l e d a t the exi t of the e x h a u s t duct , t he 
v e s s e l w a s e v a c u a t e d and c o m p l e t e l y fil led wi th d e m i n e r a l i z e d w a t e r u n d e r 
v a c u u m . 

2. The a p p a r a t u s w a s t ho rough ly fas tened to a c o n c r e t e f loor , a s in ­
d i ca t ed in F i g . 9, and a l l the i n s t r u m e n t a t i o n and p o w e r connec t i ons w e r e m a d e 
to the a p p a r a t u s . 

3 . P h o t o g r a p h i c e q u i p m e n t w a s m a d e r e a d y . 

4. Twenty kW of e l e c t r i c a l hea t i ng power was appl ied to the s y s t e m . 
Liquid w a s bled f r o m the s y s t e m d u r i n g hea tup to con t ro l the i n t e r n a l v e s s e l 
p r e s s u r e . 

5. When the d e s i r e d in i t i a l o p e r a t i n g condi t ions w e r e r e a c h e d , the 
e l e c t r i c a l h e a t i n g power w a s shut off. 

6. The p r i m a r y m e c h a n i c a l r u p t u r i n g m e c h a n i s m s , the a u x i l i a r y 
r u p t u r i n g s y s t e m , the r e c o r d i n g s y s t e m s , and the p h o t o g r a p h i c s y s t e m s w e r e 
m a d e r e a d y . 

7. The r e c o r d i n g and p h o t o g r a p h i c s y s t e m s w e r e a c t u a t e d , the r u p ­
t u r e d i s k s w e r e b r o k e n , and the blowdown t r a n s i e n t w a s in i t i a t ed . 



V. CALIBRATION T E S T OF E X P E R I M E N T A L A P P A R A T U S 

To d e m o n s t r a t e tha t t h e s y s t e m i n s t r u m e n t a t i o n and h a r d w a r e would 

r e s p o n d p r o p e r l y d u r i n g the t w o - p h a s e blowdown t e s t s , a c a l i b r a t i o n d e c o m ­

p r e s s i o n w a s p e r f o r m e d wi th r o o m - t e m p e r a t u r e w a t e r and a p r e s s u r i z e d gas 

v o l u m e . 

The s y s t e m conf igura t ion for the c a l i b r a t i o n run is shown in F i g . 14. 
R u p t u r e d i s k s w e r e i n s t a l l e d at the exit of the e x h a u s t p o r t , and t h e v e s s e l was 
evacua t ed and then fi l led wi th a known m a s s of r o o m - t e m p e r a t u r e (68 F) d e ­
m i n e r a l i z e d w a t e r of 8 M o h m - c m r e s i s t i v i t y u n d e r v a c u u m . C a r e w a s t aken 
to e l i m i n a t e any r e m a i n i n g gas in the a n n u l a r s p a c i n g b e t w e e n the i n t e r n a l 
s k i r t and the v e s s e l w a l l . Al l the p r e s s u r e l i ne s w e r e b led to e n s u r e that the 
annu lus and the p r e s s u r e l i n e s w e r e c o m p l e t e l y fi l led wi th l iqu id . The amount 
of w a t e r bled f r o m t h e p r e s s u r e l i ne s w a s s u b t r a c t e d f r o m the in i t i a l w a e r 
i n v e n t o r y put into the v e s s e l in o r d e r to d e t e r m i n e the final m a s s and volume 
of w a t e r conta ined wi th in the v e s s e l . The r e m a i n i n g v o l u m e in the i n t e r i o r of 
the i n t e r n a l s k i r t and at the top of the v e s s e l w a s fi l led and p r e s s u r i z e d with 
n i t r o g e n g a s , a s shown in F i g . 14. Af ter the blowdown w a s i n i t i a t ed , the gas 
expanded a g a i n s t the r e l a t i v e l y i n c o m p r e s s i b l e p i s ton (that i s , the w a t e r ) until 
m o s t of the w a t e r w a s e x h a u s t e d . 

Ff^=300PSIA^ 

LT,„= 68 F 

t < 0 

(^Z2^ZZZZZZZ2> 

' / W A T E R / 

t>0 

Fig. 14. System Configuration for the Calibration 
Run. ANL Neg. No. 900-4951. 

The p r i m a r y m e a s u r e m e n t s w e r e the r e m a i n i n g m a s s and the t h rus t ; 
t h e s e data a r e shown in F i g s . 15 and 16. The f l o w - r a t e h i s t o r y d e r i v e d from 
the r e m a i n i n g - m a s s h i s t o r y in F i g . 15 is shown in F i g . 17. T h e c o n c e r n for 
mak ing c e r t a i n the weight t r a n s d u c e r r e s p o n d e d p r o p e r l y w a s due to the l a rge 
t h r u s t load e x e r t e d on the v e s s e l c o m p a r e d to the we igh t of the v e s s e l and 
con ten t s du r ing the blowdown. A l s o , the t h r u s t t r a n s d u c e r s i g n a l w a s suspec t 
b e c a u s e of p o s s i b l e m e c h a n i c a l coupl ing effects due to po ten t i a l v e s s e l m o v e ­
m e n t and m i s a l i g n m e n t . The in ten t was to show tha t the effect of m e c h a n i c a l 
coupl ing of the weight and t h r u s t t r a n s d u c e r s v ia the v e s s e l had b e e n m i n i ­
m i z e d , ind ica t ing tha t the two i n s t r u m e n t s w e r e v i r t u a l l y i s o l a t e d f r o m each 
o t h e r . 
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T h e m e a s u r e d i n t e r n a l p r e s ­
s u r e h i s t o r y in t h e v e s s e l i s s h o w n 
i n F i g . 18 . T h e p r e s s u r e t r a n s ­
d u c e r s e m p l o y e d in t h e s y s t e m and 
t h e m a n n e r i n w h i c h t h e y w e r e i n ­
s t a l l e d w e r e n o t s u s p e c t a s t o t h e i r 
r e s p o n s e . T h e r e s p o n s e of t h e 
v a r i o u s t r a n s d u c e r s w a s f r o m 2500 
t o 4000 H z , d e p e n d i n g u p o n t h e p r e s ­
s u r e r a n g e of t h e i n d i v i d u a l s e n s o r . 
T h i s , c o u p l e d w i t h t h e f a c t t h a t t he 
c o n n e c t i n g l i n e s f r o m t h e t r a n s ­
d u c e r s t o t h e p r e s s u r e t a p s w e r e 
f i l l e d w i t h a m b i e n t - t e m p e r a t u r e 
w a t e r ( 6 8 ° F ) , p r e s e n t e d a m e a s u r ­
i n g s y s t e m t h a t h a d a m u c h f a s t e r 
r e s p o n s e t h a n t h e e v e n t b e i n g 
r n , o n i t o r e d . 

Fig. n . Flow Rates in the Calibration 
Run. ANL Neg. No. 900-4965. T h e m e a s u r e d m a s s d a t a 

w e r e r e d u c e d in t w o w a y s . T h e 
f i r s t m e t h o d w a s t o d e t e r m i n e t h e i n t e g r a t e d a v e r a g e v a l u e of t h e a n a l o g m a s s 
s i g n a l a t d e s i r e d p o i n t s in t i m e . T h i s w a s d o n e a t a l l d e s i r e d t i m e s t o p r o d u c e 
t h e i n t e r v a l - r e d u c t i o n m a s s h i s t o r y in F i g . 15 . T h e s e c o n d t e c h n i q u e w a s to 
i n t e g r a t e t h e a n a l o g m a s s s i g n a l ( s e e F i g . C . l ) o v e r t h e e n t i r e t i m e of t h e d e ­
c o m p r e s s i o n , a n d t h e n s m o o t h a n d d i f f e r e n t i a t e t h e i n t e g r a t e d s i g n a l . T h e 
r e s u l t s f r o m i n t e g r a t i n g t h e m a s s s i g n a l a r e s h o w n in F i g . 19 , a n d t h e d i f f e r ­
e n t i a t e d r e s u l t s a r e s h o w n i n F i g . 15 a s t h e s p a n - r e d u c t i o n r e s u l t s . T h e r e ­
s u l t s of b o t h r e d u c t i o n t e c h n i q u e s c o m p a r e v e r y w e l l . 
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Fig. 18. Internal Vessel Pressure in the Calibration 
Run. ANL Neg. No. 900-5069 Rev. 2. 
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Span-reduction Method of the 
Remaining Mass in the Calibration 
Run. ANL Neg. No. 900-4946. 

The s a m e p r o c e d u r e w a s e m ­
ployed in r educ ing the t h r u s t da ta as 
s e e n in F i g s . C.4 , 16, and 20. The 
t h r u s t r e s u l t s f r o m both r e d u c t i o n 
m e t h o d s a l s o c o m p a r e v e r y we l l . 

The c o n s i s t e n c y of the s y s t e m -
i n s t r u m e n t a t i o n r e s p o n s e was d e t e r ­
m i n e d by c o m p a r i n g v a r i o u s independen t 
eva lua t ions of the flow r a t e f r o m the 
v e s s e l . As p r e v i o u s l y noted , the m e a ­
s u r e m e n t s of p r i m a r y i n t e r e s t w e r e 
the we igh t and t h r u s t s i g n a l s . S ince 
the exhaus t i ng fluid w a s a l l l iquid , th i s 
p e r m i t t e d a check on the we igh t , t h r u s t , 
and p r e s s u r e m e a s u r e m e n t s . By know­
ing the d e n s i t y of the exhaus t i ng fluid 
and knowing tha t the exi t p r e s s u r e w a s 
a lways equa l to the d o w n s t r e a m p r e s ­
s u r e (namely , the a t m o s p h e r i c p r e s s u r e ) , 
t he flow r a t e p e r unit a r e a f r o m the 
v e s s e l could be eva lua t ed f r o m the m e a ­
s u r e d t h r u s t by 

F p I 
,1/2 

A , 
(142) 

T h e m a s s h i s t o r y in F i g . 15 
can be d i f f e r en t i a t ed to d e t e r m i n e the 
f l o w - r a t e h i s t o r y d e r i v e d f r o m the 
w e i g h t - t r a n s d u c e r s i g n a l , given in 
F i g . 17. T h e c o m p a r i s o n of t h e s e 
two f l o w - r a t e h i s t o r i e s is a check on 
the c o n s i s t e n c y of the r e s p o n s e of 
the we igh t and t h r u s t t r a n s d u c e r s . 
Th i s c o m p a r i s o n is shown in F i g . 2 1 , 
w h e r e the two f l o w - r a t e h i s t o r i e s 
c o r r e s p o n d w e l l . T h i s i n d i c a t e d tha t 
the w e i g h t - and t h r u s t - t r a n s d u c e r 
s i g n a l s w e r e c o n s i s t e n t , and it a l s o 
e s t a b l i s h e d conf idence in t h e i r 
r e s p o n s e . 

T h e c o n s i s t e n c y of the weigh t 
and p r e s s u r e m e a s u r e m e n t s can a l s o 
be e x a m i n e d . F o r the s a m e a s s u m p ­
t ions u sed in Eq . 142, the flow r a t e 
p e r unit a r e a f r o m the v e s s e l c a n b e 
eva lua ted f r o m 
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Fig. 20. Span-reduction Method of the Thrust in the 
Calibration Run. ANL Neg. No. 900-4947. 
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T h e f low r a t e s f r o m E q . 1 4 3 , b a s e d 
o n t h e m e a s u r e d u p s t r e a m p r e s ­
s u r e , a r e a l s o s h o w n i n F i g . 2 1 . 
T h e f low r a t e s c a l c u l a t e d f r o m the 
m e a s u r e d u p s t r e a m p r e s s u r e , by 
m e a n s of E q . 143 a g r e e w e l l w i t h 
t h o s e d e t e r m i n e d f r o m t h e t h r u s t 
m e a s u r e m e n t , g i v e n b y E q . 142; 
b o t h f l o w - r a t e h i s t o r i e s a r e in 
a g r e e m e n t w i t h t h e w e i g h t - t r a n s d u c e r 
r e s u l t s f o r m o s t of t h e d e c o m p r e s ­
s i o n . T h i s i n d i c a t e s t h a t t h e we igh t , 
t h r u s t , a n d p r e s s u r e m e a s u r e m e n t s 
w e r e c o n s i s t e n t . 

T h e f l o w - r a t e h i s t o r y in 
F i g . 21 d e r i v e d f r o m t h e m e a s u r e d 
m a s s h i s t o r y w a s o b t a i n e d by f i r s t 
i n t e g r a t i n g t h e m e a s u r e d m a s s s i g ­
n a l ( s e e F i g . C . l ) , t h e r e s u l t s of 
w h i c h a r e i n d i c a t e d in F i g . 19, t hen 
b y d i f f e r e n t i a t i n g t h e s m o o t h e d 

c u r v e in F i g . 19 to o b t a i n t h e m a s s h i s t o r y in F i g . 15 , a n d t h e n by d i f f e r e n t i ­
a t i n g t h e m a s s h i s t o r y in F i g . 1 5 t o o b t a i n t h e f l o w - r a t e h i s t o r y in F i g s . 17 
a n d 2 1 . S i n c e t h e m e a s u r e d m a s s s i g n a l w a s i n t e g r a t e d o n c e a n d d i f f e r e n t i a t e d 
t w i c e t o o b t a i n t h e f l o w - r a t e h i s t o r y in F i g . 2 1 , t h i s w a s a g o o d t e s t t o d e t e r ­
m i n e if r e l i a b l e f low r a t e s c o u l d b e o b t a i n e d in t h i s m a n n e r . T h e o n e i n t e g r a ­
t i o n s t e p w o u l d d e c r e a s e p o s s i b l e e r r o r i n r e d u c i n g t h e s i g n a l , b u t t h e t w o 
d i f f e r e n t i a t i o n s t e p s w o u l d p o s s i b l y c r e a t e p o t e n t i a l e r r o r s in t h e d a t a -
r e d u c t i o n m e t h o d . 
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Fig. 21. Comparison of the Mass Flow Rates Determined 
from the Mass Decay Signal and Those from the 
Thrust and Upstream Pressure Signals in the 
Calibration Run. ANL Neg. No. 900-4948. 

A s n o t e d , t h e f low r a t e s in F i g . 21 d e t e r m i n e d f r o m t h e m e a s u r e d m a s s 
s i g n a l , t h e m e a s u r e d u p s t r e a m s t a g n a t i o n p r e s s u r e , a n d t h e m e a s u r e d t h r u s t 
a g r e e r e a s o n a b l y w e l l . T h e s h a p e of t h e f l o w - r a t e h i s t o r y d e t e r m i n e d f r o m 
t h e m e a s u r e d m a s s s i g n a l i s t h e r e s u l t of i n t e g r a t i n g t h e s i g n a l o n c e , s m o o t h ­
i n g , a n d t h e n d i f f e r e n t i a t i n g t w i c e . H o w e v e r , t h e f l o w - r a t e h i s t o r i e s d e t e r ­
m i n e d f r o m t h e m e a s u r e d t h r u s t a n d t h e m e a s u r e d u p s t r e a m s t a g n a t i o n 
p r e s s u r e a r e r e l a t e d t o t h e s e p a r a m e t e r s b y E q s . 142 a n d 1 4 3 . T h u s , t h e 
f l o w - r a t e h i s t o r i e s d e t e r m i n e d f r o m t h e s e p a r a m e t e r s w o u l d f o l l o w t h e t r e n d 
of t h e s e m e a s u r e m e n t s d u r i n g t h e d e c o m p r e s s i o n . F i g u r e 21 s h o w s t h a t r e ­
l i a b l e f low r a t e s c a n b e o b t a i n e d by i n t e g r a t i n g t h e m e a s u r e d m a s s s i g n a l 
o n c e , s m o o t h i n g , a n d t h e n d i f f e r e n t i a t i n g t w i c e . 

T h e p r e s s u r e d i s t r i b u t i o n i n s i d e t h e v e s s e l d u r i n g t h e c a l i b r a t i o n t e s t 
w a s c o n s i d e r e d . F i g u r e 22 s h o w s t h e d i f f e r e n c e s b e t w e e n t h e a v e r a g e i n t e r n a l 



83 

80 

70 

60 

50 

40 

30 

20 

10 

0 

1 

I 
11 

- / 1 

' ' ' \ 

f V 

-^ 

1 1 1 

R 

M^Tp;?--
1 1 1 

1 1 

_ 

1 1 

- 5 

- 3 E 
o 
or 

0.05 0.10 0.15 020 

TIME, sec 

025 0.30 

Fig. 22 

Comparison of the Measured Internal 
Vessel Pressures in the Calibration 
Run. ANL Neg. No. 900-5046 Rev. 1. 

v e s s e l p r e s s u r e , yPg, t h e e x h a u s t - d u c t 
i n l e t p r e s s u r e , P i , a n d t h e p r e s s u r e on 
t h e o p p o s i t e s i d e of t h e i n t e r n a l s k i r t 
f r o m t h e e x h a u s t d u c t , P13 . T h i s f i g u r e 
d e m o n s t r a t e s t h a t t h e d i f f e r e n t i a l p r e s ­
s u r e on t h e e x h a u s t - p o r t s i d e of t h e 
i n t e r n a l s k i r t w a s a b o u t t w i c e t h a t on 
t h e s i d e of t h e i n t e r n a l s k i r t a w a y f r o m 
t h e e x h a u s t d u c t d u r i n g t h e d e c o m p r e s ­
s i o n . T h i s i n d i c a t e d t h a t t h e r e w a s 
a b o u t t w i c e t h e d r i v i n g p o t e n t i a l f o r 
f low u p t h e d o w n c o m e r a n n u l u s on t h e 
e x h a u s t - p o r t s i d e of t h e i n t e r n a l s k i r t 
a s o p p o s e d t o t h e s i d e of t h e i n t e r n a l 
s k i r t a w a y f r o m t h e e x h a u s t d u c t . W h e n 
t h e f l o w - r a t e h i s t o r y of F i g . 21 a n d t h e 
d i f f e r e n t i a l p r e s s u r e h i s t o r y a t t h e 
e x h a u s t - d u c t i n l e t , g i v e n in F i g . 2 2 , 
w e r e u s e d , t h e e q u i v a l e n t f low a r e a 
i n s i d e t h e d o w n c o m e r a n n u l u s c o u l d b e 
d e t e r m i n e d f r o m 

m = A [ 2 p „ ( , P 8 - P i ) ] 1/2 

'I 
(144) 

T h i s r e s u l t e d in a f low a r e a a b o u t 84% of t h e t o t a l c r o s s - s e c t i o n a l f low a r e a 
of t h e l o w e r - d o w n c o m e r a n n u l u s . T h i s s u g g e s t s t h e e x i s t e n c e of a t w o -
d i m e n s i o n a l f low d i s t r i b u t i o n in t h e d o w n c o m e r a n n u l u s , m o s t of t h e f low b e i n g 
u p t h e e x h a u s t - p o r t s i d e of t h e a n n u l u s , w h e r e t h e d r i v i n g p o t e n t i a l f o r f low 
w a s t h e g r e a t e s t . 

T h e s y s t e m r e s p o n s e t o a d e c o n a p r e s s i o n a s c o n f i g u r e d in F i g . 14 c a n 
b e r e a d i l y d e t e r m i n e d . T h e r e s p o n s e c a n b e c a l c u l a t e d b y k n o w i n g t h e i n i t i a l 
s t a g n a t i o n c o n d i t i o n s a n d by k n o w i n g t h a t t h e e x h a u s t i n g f lu id i s a l l s u b c o o l e d 
l i q u i d , s o t h a t t h e p r e s s u r i z i n g g a s e x p a n d s a g a i n s t a v i r t u a l l y i n c o m p r e s s i b l e 
p i s t o n . S i n c e t h e e x h a u s t i n g f lu id i s a l l l i q u i d , t h e e x i t f lu id d e n s i t y i s k n o w n , 
a n d t h e e x i t p r e s s u r e i s a l w a y s e q u a l t o t h e d o w n s t r e a m p r e s s u r e , n a m e l y , 
t h e a t m o s p h e r i c p r e s s u r e . In t h i s c a s e , t h e t h r u s t t h e n r e s u l t s s t r i c t l y f r o m 
m o m e n t u m f l o w . 

T h e l o s s of m a s s f r o m t h e s y s t e m c a n b e e x p r e s s e d a s 

— - G A d t - - ^ ^ e . 
(145) 

a n d t h e i n s t a n t a n e o u s f low r a t e c a n b e r e l a t e d t o t h e i n t e r n a l v e s s e l p r e s s u r e by 

G = [ 2 p ^ ( P i - Pjf^\ (146) 
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w h e r e P i is the p r e s s u r e i n s i d e the v e s s e l and i m m e d i a t e l y u p s t r e a m of the 
e x h a u s t - d u c t e n t r a n c e ( see F i g s . 9 and 12), and Pg, is the a m b i e n t p r e s s u r e . 
By p e r f o r m i n g an o v e r a l l m o m e n t u m b a l a n c e on the s y s t e m , the t h r u s t can be 
r e l a t e d to the flow r a t e by 

F = G'AgV^. (147) 

F o r the s h o r t b lowdown t i m e c o n s i d e r e d h e r e , the p r e s s u r i z e d gas v o l u m e 
(see F i g . 14) is a s s u m e d to expand in two d i f fe ren t m a n n e r s for c o m p a r i s o n : 
i s e n t r o p i c a l l y , 

P V g = C o n s t a n t , (l48) 

and i s o t h e r m a l l y , 
V 

PV = C o n s t a n t . ' (149) 

Since the exhaus t i ng fluid is a l l l iquid , 

dV^ d m dVg V 
dt ^ dt dt 

:i50) 

The s y s t e m r e s p o n s e for an i s e n t r o p i c expans ion of the gas can then be deter­
mined f r o m 

(JP Y G A 
^ + — — ^ P = 0 (151) 
dt Pl^g 

and for an i s o t h e r m a l expans ion f r o m 

d P GAg 

dt P^Vg 0. 152 

This f o rmu la t i on p e r m i t s the c a l c u l a t i o n of the m ( t ) , G(t) , F ( t ) , and P( t ) of the 
d e c o m p r e s s i o n . 

F i g u r e 23 c o m p a r e s the m e a s u r e d and c a l c u l a t e d r e m a i n i n g m a s s . 
The i s e n t r o p i c p r e d i c t i o n w a s e s s e n t i a l l y co inc iden t wi th the m e a s u r e m e n t s 
to about 150 m s e c . At tha t t i m e , the m e a s u r e m e n t s s t a r t e d to d r o p below the 
i s e n t r o p i c p r e d i c t i o n and a s s u m e a decay s lope s i m i l a r to the i s o t h e r m a l p r e ­
dic t ion . The i s e n t r o p i c c a l c u l a t i o n i m p l i c i t l y a s s u m e s no hea t e x c h a n g e , 
w h e r e a s the i so thermia l p r e d i c t i o n a s s u m e s c o m p l e t e and i n s t a n t a n e o u s heat 
t r a n s f e r in o r d e r to keep the gas t e m p e r a t u r e c o n s t a n t . The t r a n s i t i o n of the 
m e a s u r e d r e m a i n i n g - m a s s h i s t o r y f r o m the i s e n t r o p i c p r e d i c t i o n to a s s u m i n g 
a decay s lope s i m i l a r to the i s o t h e r m a l p r e d i c t i o n at about 150 m s e c indica tes 
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t h a t t h e g a s e x p a n d e d n e a r l y i s e n ­
t r o p i c a l l y f r o m t h e s t a r t of t h e b l o w -
d o w n to a b o u t 150 m s e c , a n d t h e n 
c h a n g e d t o e x p a n d i n g in a n e a r l y i s o ­
t h e r m a l m a n n e r f r o m a b o u t 150 m s e c 
t o t h e end of t h e d e c o m p r e s s i o n . T h e 
g a s c o u l d h a v e c o n c e i v a b l y g a i n e d 
c o n s i d e r a b l e t h e r m a l e n e r g y by 
150 m s e c i n t o t h e d e c o m p r e s s i o n , 
b e c a u s e if i t w a s a s s u m e d t o e x p a n d 
i s e n t r o p i c a l l y f r o m t h e i n i t i a t i o n of 
t h e b l o w d o w n t o t h i s t i n n e , w h e n t h e 
i n t e r n a l v e s s e l p r e s s u r e w a s a b o u t 
88 p s i a ( s e e F i g . 18) , t h e v o l u m e 
o c c u p i e d b y t h e g a s w o u l d h a v e i n ­
c r e a s e d to a b o u t 3 .17 ft^ a n d t h e g a s 
t e m p e r a t u r e w o u l d h a v e d e c r e a s e d 
t o a b o u t - 8 8 ° F . T h e g a s - v o l u m e i n ­
c r e a s e t o a b o u t 3 .17 ft^ w o u l d i n d i ­
c a t e t h a t t h e l i q u i d l e v e l w a s t h e n 
a b o u t 6 .7 5 in . a b o v e t h e b o t t o m of 
t h e i n t e r n a l s k i r t . T h i s i s c o n s i s t e n t 
w i t h t h e v o l u m e of r e n c i a i n i n g l i q u i d 
i n d i c a t e d in F i g . 1 5 a t t h i s t i m e . 

S i n c e t h e l i q u i d w a s e x h a u s t e d s o r a p i d l y , t h e l i q u i d l e v e l o n t h e i n s i d e 
of t h e i n t e r n a l s k i r t w a s a c c e l e r a t e d d o w n w a r d s o q u i c k l y t h a t f r a g m e n t a t i o n 
of t h e l i q u i d s u r f a c e c o u l d h a v e o c c u r r e d a n d p r o d u c e d a f i ne m i i x t u r e of l i q u i d 
d r o p l e t s e n t r a i n e d in t h e e x p a n d i n g g a s . S i n c e t h e v o l u m e t r i c h e a t c a p a c i t y 
of t h e n i t r o g e n g a s w a s i n s i g n i f i c a n t c o m p a r e d t o t h a t of t h e w a t e r , t h e b u l k -
w a t e r t e m p e r a t u r e r e m a i n e d n e a r l y c o n s t a n t d u r i n g t h e d e c o m p r e s s i o n . W i t h 
a t e m p e r a t u r e d i f f e r e n c e b e t w e e n t h e e x p a n d i n g g a s a n d t h e w a t e r a n d v e s s e l 
w a l l of a b o u t 1 5 0 ° F a t t h i s t i m e , t h e r e c o u l d h a v e b e e n c o n s i d e r a b l e h e a t e x ­
c h a n g e if t h e h e a t - t r a n s f e r s u r f a c e a r e a w a s s u f f i c i e n t . If w a t e r w a s d i s p e r s e d 
i n t h e g a s a s s m a l l d r o p l e t s , t h e i n t e r f a c i a l s u r f a c e a r e a f o r h e a t t r a n s f e r 
w o u l d h a v e b e e n m u c h l a r g e r t h a n t h e e x p o s e d w a l l - s u r f a c e a r e a , a n d w i t h t h e 
l a r g e t e m p e r a t u r e d i f f e r e n c e b e t w e e n t h e g a s a n d t h e w a t e r , c o n s i d e r a b l e h e a t 
w o u l d h a v e b e e n t r a n s f e r r e d t o t h e e x p a n d i n g g a s . 

If t h e n i t r o g e n g a s w e r e c o n s i d e r e d t o h a v e e x p a n d e d i s o t h e r m a l l y f romi 

150 m s e c on , t h e h e a t - t r a n s f e r r a t e n e c e s s a r y t o m a i n t a i n t h e g a s a t a c o n s t a n t 

t e m p e r a t u r e c a n b e r e a d i l y d e t e r m i n e d . F o r a n i s o t h e r m a l p r o c e s s , 

P V = C o n s t a n t . (149) 

The energy equation governing the expansion process is given by 
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Since the p r o c e s s is a s s u m e d to be i s o t h e r m a l , Eq . 153 r e d u c e s to 

S = - - f - "̂ >̂ 
dt m g dt 

Us ing E q s . 152 and 154 p r o d u c e s 

dQ dt 
G A e P v ^ . (155) 

The r i gh t s i de of Eq . 155 is p o s i t i v e , i nd i ca t ing tha t h e a t is t r a n s f e r r e d into 
the expanding g a s . Since the r e q u i r e d h e a t - t r a n s f e r r a t e to the gas is known 
f rom Eq . 155, the i n t e r f a c i a l s u r f a c e a r e a for hea t t r a n s f e r can be ca lcula ted 
f r o m 

^ = h S ( T ^ ^ , ^ , - Tg) (156) 

if an a p p r o p r i a t e h e a t - t r a n s f e r coeff ic ient is a s s u m e d . If the gas s t a r t e d to 
expand i s o t h e r m a l l y at 150 m s e c , the flow r a t e f r o m the s y s t e m at th i s t ime 
was about 7000 Ib^^^/sec-ft^ (see F i g . 21), the i n t e r n a l v e s s e l p r e s s u r e was 
about 88 p s i a ( see F i g . 18), and the gas t e m p e r a t u r e w a s about -88°F af ter the 
in i t ia l i s e n t r o p i c expans ion . F r o m Eq . 155, the h e a t - t r a n s f e r r a t e to the gas 
to m a i n t a i n it a t -88°F would have been about 181 B t u / s e c . If a h e a t - t r a n s f e r 
coeff ic ient of 50 B t u / h r - f t ^ - ° F is a s s u m e d , the r e q u i r e d h e a t - t r a n s f e r surface 
a r e a f r o m E q . 156 is about 84 ft^. As p r e v i o u s l y noted, if the l iquid l eve l was 
a s s u m e d to fall as a p lane s u r f a c e , the l eve l at 150 m s e c would be about 6.75 in. 
above the bo t t om of the i n t e r n a l s k i r t . Th i s would e x p o s e a to t a l w a l l - s u r f a c e 
a r e a of about 13.8 ft^, wh ich i s only about o n e - s i x t h of the r e q u i r e d 84 ft^ of 
s u r f a c e a r e a . If a c h a r a c t e r i s t i c s p h e r i c a l - l i q u i d - d r o p l e t s i z e such as 100 ^.m 
is a s s u m e d , the r e q u i r e d m a s s of su spended w a t e r in the n i t r o g e n gas to p r o ­
vide the n e c e s s a r y h e a t - t r a n s f e r s u r f a c e a r e a can be d e t e r m i n e d f r o m the 
d i f fe rence be tween the r e q u i r e d h e a t - t r a n s f e r s u r f a c e a r e a f r o m Eq . 156 
(84 ft^) and the a v a i l a b l e w a l l - s u r f a c e a r e a (13.8 ft^) at t h i s t i m e . The r e s u l t ­
ing m a s s of s u s p e n d e d 100- | j ,m-dia l iquid d r o p l e t s would have to be about 
0.24 Ib j^ , and the v o l u m e t r i c dens i t y of t h e s e s i z e d r o p l e t s would be about 
37,900 d r o p l e t s / i n . ^ This is a r e a s o n a b l e m a s s of w a t e r to be s u s p e n d e d in 
the g a s . 

It can be shown tha t the a s s u m e d 100- | j ,m-dia w a t e r d r o p l e t s would stay 
in s u s p e n s i o n dur ing the d e c o m p r e s s i o n in o r d e r to s e r v e a s a hea t s o u r c e for 
the expanding g a s . A lOO-M-m-dia s p h e r e of w a t e r fa l l ing in n i t r o g e n gas would 
r e a c h a t e r m i n a l speed of about 1 f t / s e c at about 140 m s e c a f t e r s t a r t of fall. 
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At 150 m s e c a f t e r s t a r t of d e s c e n t , which is when the e x p a n s i o n a p p e a r e d to 
p r o g r e s s in a n e a r l y i s o t h e r m a l m a n n e r ( see F i g . 23), an ind iv idua l l iquid 
d r o p l e t would have fa l len about 1.5 in. At 400 m s e c , when v i r t u a l l y no mass 
r e m a i n e d in the b lowdown v e s s e l ( see F i g . 23), a d r o p l e t would have fa l len 
about 4.5 in. Af te r 1 s e c of fal l , when the i n t e r n a l v e s s e l p r e s s u r e w a s n e a r l y 
down to a t m o s p h e r i c p r e s s u r e ( see F i g . 18), a d r o p l e t would have only fa l len 
about 12 in. T h i s i n d i c a t e s tha t l iquid d r o p l e t s of 100- | im d i a m e t e r would have 
s t ayed in s u s p e n s i o n d u r i n g the d e c o m p r e s s i o n . 

It can a l s o be shown tha t suff ic ient h e a t could be t r a n s f e r r e d f r o m the 
e n t r a i n e d l iquid d r o p l e t s to the expanding gas in o r d e r for the gas to a p p r o a c h 
an i s o t h e r m a l - e x p a n s i o n b e h a v i o r . By us ing E q s . 145 and 150 t o g e t h e r wi th 
the m e a s u r e d m a s s h i s t o r y m( t ) ( see F i g . 15), we can d e t e r m i n e the i n c r e a s i n g 
v o l u m e occup ied by the expanding g a s . The in i t i a l d e c r e a s e in the i n t e r n a l 
v e s s e l p r e s s u r e and the gas t e m p e r a t u r e can be eva lua ted i s e n t r o p i c a l l y f r o m 
Eq . 148. Fo l lowing th i s in i t i a l expans ion , the h e a t - t r a n s f e r r a t e to the gas 
f r o m the e n t r a i n e d l iquid can be eva lua ted f rom Eq. 156. Th i s h e a t - t r a n s f e r 
r a t e can then be used in the e n e r g y equa t ion 

^ n dV„ dTg 
^ - P — ^ = c , m ^ — ^ (157) 

dt dt vg g dt 

to e v a l u a t e the gas t e m i p e r a t u r e . If the expanding gas b e h a v e s idea l ly : 

P V g = m g R T g , (158) 

the i n t e r n a l v e s s e l p r e s s u r e can be e s t i m a t e d . U s e of the h e a t - t r a n s f e r r a t e 
f r o m E q . 1 56 in 

dQ d T ^ 

dt -C- -f- dt 

p e r m i t s t h e r e q u i r e d d r o p in the t e m p e r a t u r e of the e n t r a i n e d l iquid to be 
d e t e r m i n e d . It is a s s u m e d tha t the e n t r a i n e d l iquid does not f r e e z e d u r i n g the 
e x p a n s i o n . T h i s t e c h n i q u e p e r m i t s the c a l c u l a t i o n of the i n t e r n a l v e s s e l p r e s ­
s u r e , the e x p a n d i n g - g a s t e m p e r a t u r e , and the e n t r a i n e d - l i q u i d t e m p e r a t u r e 
d u r i n g the d e c o m p r e s s i o n , a l l b a s e d on the m e a s u r e d r e m a i n i n g m a s s h i s t o r y 
( see F i g . 15). The r e s u l t s a r e shown in F i g . 24. The s a m e c a l c u l a t i o n can 
a l s o be p e r f o r m e d by us ing a f l o w - r a t e r e l a t i o n r a t h e r than the m e a s u r e d 
m a s s h i s t o r y a s in th i s c a s e . 

F o r the a s s u m e d 100-|-imi-dia w a t e r d r o p l e t s at t h e s e t e m p e r a t u r e s , 
the Biot n u m b e r (that i s , the r a t i o of the i n t e r n a l t h e r m a l r e s i s t a n c e to the 
s u r f a c e t h e r m a l r e s i s t a n c e ) h L / k is l e s s than 0 . 1 , i nd ica t ing tha t the t e m p e r a ­
t u r e d i s t r i b u t i o n is n e a r l y u n i f o r m at a l l t i m e s in a l i q u i d - d r o p l e t s p h e r e of 
t h i s s i z e d u r i n g a t e m p e r a t u r e t r a n s i e n t . When the above a n a l y s i s is p e r f o r m e d . 
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t h e t e m p e r a t u r e of t h e e n t r a i n e d l i q u i d , 
w h i c h i s a s s u m e d t o r e m a i n i n t h e l i q u i d 
s t a t e d u r i n g t h e d e c o m p r e s s i o n , d e c r e a s e s 
t o a b o u t - 6 0 ° F ( s e e F i g . 24) a t t h e t i m e 
w h e n m o s t of t h e f lu id h a d b e e n e x h a u s t e d 
f r o m t h e v e s s e l , n a m e l y , 0 . 4 s e c i n F i g . 15, 
T h e c a l c u l a t e d h i s t o r y of i n t e r n a l v e s s e l 
p r e s s u r e f r o m t h i s a n a l y s i s b a s e d on the 
m e a s u r e d r e m a i n i n g m a s s h i s t o r y c o m ­
p a r e s v e r y w e l l w i t h t h e m e a s u r e d h i s t o r y 
of i n t e r n a l v e s s e l p r e s s u r e , a s s e e n in 
F i g . 2 4 . T h i s c o m p a r i s o n i n d i c a t e s t h a t 
t h e r e q u i r e d h e a t t r a n s f e r t o t h e e x p a n d i n g 
g a s f o r i t t o a p p r o a c h a n i s o t h e r m a l b e ­
h a v i o r l a t e r i n t h e blowdow^n c a n b e s u p ­
p l i e d f r o m t h e e n t r a i n e d l i q u i d . T h e 
a p p r o a c h of t h e e x p a n d i n g g a s t o a n i s o ­
t h e r m a l b e h a v i o r i s i l l u s t r a t e d i n F i g . 24. 

CALCULATED FROM 
MEASURED UPSTREAM 
PRESSURE 

ISOTHERMAL 
EXPANSION 

F i g u r e 15 c o m p a r e s t he flow ra tes 
d e t e r m i n e d f r o m the m e a s u r e d m a s s h i s ­

t o r y , and F i g . 25 shows the i s e n t r o p i c and i s o t h e r m a l c a l c u l a t e d flow r a t e s . 
The ca l cu l a t ed flow r a t e s a g r e e wel l wi th the t r e n d of the m e a s u r e m e n t s . 
F i g u r e 2 5 a l s o shows the flow r a t e s 
tha t w e r e eva lua ted f r o m the t h r u s t and 
e n t r a n c e p r e s s u r e m e a s u r e m e n t s ( see 
E q s . 142 and 143). The i s e n t r o p i c and 
i s o t h e r m a l p r e d i c t i o n s b r a c k e t the 
m e a s u r e d and i n f e r r e d flow r a t e s for 
m o s t of the d e c o m p r e s s i o n . The flow-
r a t e h i s t o r i e s tha t w e r e ca l cu l a t ed 
f r o m the t h r u s t and e n t r a n c e p r e s s u r e 
m e a s u r e m e n t s have a decay s lope s i m ­
i l a r to the i s e n t r o p i c p r e d i c t i o n e a r l y 
in the d e c o m p r e s s i o n , but t h e s lope 
changes to n e a r l y c o r r e s p o n d to the 
i s o t h e r m a l p r e d i c t i o n l a t e r in the blow-
down. This t r a n s i t i o n o c c u r s at about 
150 m s e c . The f a v o r a b l e f l o w - r a t e 
c o m p a r i s o n s in F i g . 25 ind ica t e tha t 
the i n s t r u m e n t a t i o n in ques t i on r e ­
sponded p r o p e r l y . 
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s u r e d a n d c a l c u l a t e d t h r u s t . T h e 
i s e n t r o p i c c a l c u l a t i o n p r e d i c t s t h e 
m e a s u r e d t h r u s t w e l l t o a b o u t 100 m s e c , 

Fig. 25. Comparison of the Mass Flow Rates 
Determined from the Experimental 
Measurements and the Calculated 
Mass Flow Rates in the Calibration 
Run. ANL Neg. No. 900-5074. 
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after which the slope of the m e a s u r e d - t h r u s t h is tory becomes s imi l a r to the 
i so thermal predict ion. The t ime of t ransi t ion of the agreement of the measured-
thrus t h is tory from the isentropic predict ion to the i so thermal predict ion is 
s imi la r to that of the r ema in ing-mass his tory in Fig. 23, the f low-rate h is tory 
in Fig. 25, and the his tory of internal vesse l p r e s s u r e in Fig. 27. Here again 
the expansion process was nearly isentropic to about 100 m s e c , after which it 
approached an i so thermal behavior for the res t of the decompress ion . The 
hea t - t r ans fe r predict ion, also shown in Fig. 26, is in accord with the measured 
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t h r u s t d u r i n g the b lowdown. The s lope of the h e a t - t r a n s f e r p r e d i c t i o n is s imi ­
l a r to the i s e n t r o p i c c a l c u l a t i o n e a r l y in the d e c o m p r e s s i o n , a f t e r wh ich it 
a s s u m e s a d e c a y s l o p e s i m i l a r to the i s o t h e r m a l p r e d i c t i o n . 

F i g u r e 27 c o m p a r e s the h i s t o r i e s of the m e a s u r e d and c a l c u l a t e d in­
t e r n a l v e s s e l p r e s s u r e s . The m e a s u r e m e n t s and the i s e n t r o p i c p r e d i c t i o n 
w e r e a l m o s t co inc iden t to about 150 m s e c , and then the m e a s u r e m e n t s assumed 
a decay s l ope s i m i l a r to the i s o t h e r m a l p r e d i c t i o n . The c o i n c i d e n c e of the 
m e a s u r e m e n t of the i n t e r n a l v e s s e l p r e s s u r e and the i s e n t r o p i c p r e d i c t i o n to 
about 150 m s e c i n d i c a t e s tha t a neg l ig ib le a m o u n t of h e a t t r a n s f e r r e d to the 
expanding gas d u r i n g the e a r l y p a r t of th i s p e r i o d . The h e a t - t r a n s f e r p r e d i c ­
t ion is a l s o shown in F i g . 27. Th i s c a l c u l a t i o n a g r e e s w e l l wi th the da ta during 
the d e c o m p r e s s i o n , and i t s decay s lope is s i m i l a r to the i s e n t r o p i c p red ic t ion 
e a r l y in the blowdown; then it c o r r e s p o n d s wi th the i s o t h e r m a l p r e d i c t i o n later 
in the d e p r e s s u r i z a t i o n . Th i s is s i m i l a r to the t r e n d in the m e a s u r e d and p r e ­
d ic ted t h r u s t c o m p a r i s o n in F i g . 26. 

S ince it w a s d e m o n s t r a t e d in F i g s . 21 and 25 tha t the m a s s , t h r u s t , and 
p r e s s u r e m e a s u r e m e n t s w e r e a l l c o n s i s t e n t wi th one a n o t h e r , th i s ind ica tes 
tha t the weigh t and t h r u s t t r a n s d u c e r s w e r e v i r t u a l l y i s o l a t e d f r o m each other. 
Th i s showed tha t the s y s t e m h a r d w a r e and i n s t r u m e n t a t i o n would r e spond 
p r o p e r l y du r ing a r ap id d e c o m p r e s s i o n . The ab i l i ty to f u r t h e r b r a c k e t the 
s y s t e m r e s p o n s e wi th an i s e n t r o p i c and i s o t h e r m a l e x p a n s i o n of the p r e s s u r ­
iz ing g a s , and a l s o to p r e d i c t the m e a s u r e d h i s t o r y of i n t e r n a l v e s s e l p r e s s u r e 
and ind ica te the a p p r o a c h of the expanding gas to an i s o t h e r m a l b e h a v i o r , all 
based upon the m e a s u r e d r e m a i n i n g - m a s s h i s t o r y , i n d i c a t e s tha t the n a t u r e 
of the d e c o m p r e s s i o n p r o c e s s of the expanding gas a g a i n s t t he i n c o m p r e s s i b l e 
l iquid was wel l u n d e r s t o o d . S ince the c a l i b r a t i o n t e s t w a s a m u c h f a s t e r blow-
down than t h e t w o - p h a s e d e c o m p r e s s i o n t e s t s , the s u c c e s s f u l p e r f o r m a n c e of 
the s y s t e m h a r d w a r e and i n s t r u m e n t a t i o n d u r i n g the c a l i b r a t i o n r u n provided 
conf idence in the b a s i c a p p a r a t u s . 

Once the s y s t e m conf igu ra t ion was such tha t r e l i a b l e m e a s u r e m e n t s 
w e r e obta ined f rom a c a l i b r a t i o n t e s t , the t w o - p h a s e d e c o m p r e s s i o n runs 
w e r e p e r f o r m e d . 
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VI. EXPERIMENTAL RESULTS FOR TWO-PHASE BLOWDOWN 

The data from two two-phase decompress ion tes t s a r e repor ted in 
this study. The initial stagnation conditions of the two runs were 290- and 
402-psia sa tura ted water , and the fluid weight, thrus t , p r e s s u r e , and t e m p e r ­
a ture m e a s u r e m e n t s from these t e s t s a re indicated in this chapter . The orig­
inal analog data signals a r e presented in Appendix C. 

The m a s s of the remaining fluid in the blowdown vesse l is shown in 
Figs . 28 and 29. These figures indicate that the initial flow ra te s were r e l a ­
tively l a rge , but they rapidly decreased as the decompress ion p rogres sed . 
The m e a s u r e d r ema in ing -mass data in the two-phase tes t s were reduced in 
the same manner as previously descr ibed for the cal ibrat ion tes t . 
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Fig. 28. Remaining Mass in Test 1. 
ANL Neg. No. 900-5055. 

Fig. 29. Remaining Mass in Test 2. 
ANL Neg. No. 900-5090. 

The thrus t developed during the two-phase runs is shown in F igs , 30 
and 31 indicating that it held at a near ly constant value for about the f i rs t 
500 msec of the blowdowns. The thrus t data were reduced in the same man­
ner as previously descr ibed, and the comparison of the resu l t s of the reduc­
tion techniques is good, as i l lus t ra ted in Figs . 30 and 31, 

F igures 32 and 33 show the p r e s s u r e s immediately ups t r eam of the 
ent rance to the exhaust duct, P j , P2, P3, and P4. The p r e s s u r e signal Pi was 
unavailable in tes t 1 (Fig. 32) because of record ing- ins t rument fai lure. The 
magnitudes of these p r e s s u r e s were near ly the same for the ent i re decomi-
press ion . The average of P2 and P3 in tes t 1, 2P3, obtained from Fig. 32, was 
used in place of Pi in la ter compar i sons . 
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The p r e s s u r e s inside the internal ski r t , P7 and Pg, a r e shown in 
Figs , 34 and 35, P r e s s u r e tap P7 was located in the upper par t of the in ternal 
ski r t , and p r e s s u r e tap Pg was located in the lower region of the in ternal 
skir t , as shown in F igs . 8, 9, and 12. These two p r e s s u r e s were near ly the 
same for the ent i re blowdown. The average of P7 and Pg, namely, yPg, was 
also used in la ter compar i sons . 
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ANL Neg. No. 900-5097. 

Fig. 35. Internal Vessel Pressures in Test 2. 
ANL Neg. No. 900-5099. 

The p r e s s u r e s immediate ly ups t r eam and downstream of the a rea ex­
pansion in the downcomer annulus, P5 and P^, a re shown in Figs , 36 and 37. 
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The a v e r a g e i n t e r n a l s k i r t p r e s s u r e , 7P8, is a l s o shown for c o m p a r i s o n . 
B e c a u s e of r e c o r d i n g - i n s t r u m e n t f a i l u r e . F i g . 36 c o n t a i n s no da ta for P5 and 
P(, beyond 600 m s e c . T h e r e w a s v e r y l i t t l e d i f f e r ence a m o n g the p r e s s u r e s 
u p s t r e a m and d o w n s t r e a m of the a r e a e x p a n s i o n and i n s i d e the i n t e r n a l sk i r t 
d u r i n g the d e c o m p r e s s i o n s . 

The p r e s s u r e s up the d o w n c o m e r annu lus b e f o r e the a r e a expans ion , P, , 
Pio, P u , and P12, a r e shown in F i g s , 38 and 39. The a v e r a g e i n t e r n a l s k i r t 
p r e s s u r e is aga in shown for c o m p a r i s o n . B e c a u s e of r e c o r d i n g - i n s t r u m e n t 
f a i l u r e , the p r e s s u r e s i g n a l Pg w a s u n a v a i l a b l e in t e s t 1. Al l the p r e s s u r e s 
w e r e n e a r l y the s a m e f r o m in s ide the i n t e r n a l s k i r t to up n e a r the a r e a ex­
p a n s i o n in the d o w n c o m e r a n n u l u s . 
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Fig. 38. Pressures Up the Downcomer Annulus 
in Test 1. ANL Neg. No. 900-5143. 
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Fig. 39. Pressures Up the Downcomer Annulus 
in Test 2. ANL Neg. No. 900-5087. 

T h e p r e s s u r e on t h e o p p o s i t e s i d e on t h e i n t e r n a l s k i r t f r o m t h e e x ­
h a u s t p o r t , P13, i s s h o w n in F i g s , 40 a n d 4 1 . T h e a v e r a g e i n t e r n a l s k i r t p r e s ­
s u r e , 7Pg, a n d t h e p r e s s u r e i m t m e d i a t e l y u p s t r e a m of t h e e x h a u s t d u c t e n t r a n c e , 
2P3, m t e s t 1 a n d P i in t e s t 2 , a r e a l s o s h o w n f o r c o m p a r i s o n . T h i s c o m p a r i ­
s o n i s p r o b a b l y t h e m o s t s e v e r e t e s t f o r d e t e c t i n g a p p r e c i a b l e s p a t i a l v a r i a ­
t i o n of p r e s s u r e i n s i d e t h e v e s s e l u p s t r e a m of t h e e x h a u s t d u c t d u r i n g t h e 
d e c o m p r e s s i o n . T h e s e t h r e e p r e s s u r e s w e r e s i m i l a r i n b o t h t e s t s , i n d i c a t i n g 
t h a t t h e p r e s s u r e d i s t r i b u t i o n w i t h i n t h e v e s s e l w a s n e a r l y u n i f o r m d u r i n g the 
e n t i r e b l o w d o w n . 
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Fig. 40. Pressures on Opposite Sides of the Internal 
Skirt in Test 1. ANL Neg. No. 900-5082. 

Fig. 41. Pressures on Opposite Sides of the Internal 
Skirt in Test 2. ANL Neg. No. 900-5091. 

F i g u r e s 42 a n d 43 s h o w t h e p r e s s u r e s i m m e d i a t e l y u p s t r e a m of t h e 
e x h a u s t - d u c t e n t r a n c e , 2P3 i n t e s t 1 a n d P i in t e s t 2 , a n d t h e p r e s s u r e n e a r 
t h e e n d of t h e e x h a u s t d u c t , P14. T h e r a t i o of t h e s e t w o p r e s s u r e s , P e / P i ^ , 
i s t h e c r i t i c a l e x i t - p r e s s u r e r a t i o d u r i n g t h e c r i t i c a l f l o w p e r i o d of t h e 
d e c o m p r e s s i o n . 
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Fig. 42. Pressures Upstream and Near the Exit 
of the Exhaust Duct in Test 1. 
ANL Neg. No. 900-5094. 

Fig. 43. Pressures Upstream and Near the Exit 
of the Exhaust Duct in Test 2. 
ANL Neg. No. 900-5051. 
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The t e m p e r a t u r e s inside the internal ski r t region, T7 and Tg, a r e 
shown in F igs . 44 and 45, The locations of T7 and Tg a r e indicated in Figs . 8 
and 13. In tes t 2 the Tg signal was not recorded because of ins t rument 
difficulties. 
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ANL Neg. No. 900-5092. 

Fig. 45. Internal Vessel Temperatures in Test 2. 
ANL Neg. No. 900-5108. 
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VII. DISCUSSION O F R E S U L T S 

A. The Ro le of Inc ip ien t V a p o r i z a t i o n in the D e c o m p r e s s i o n P r o c e s s 

In t h e d e c o m p r e s s i o n of a c o n s t a n t - v o l u m e s y s t e m i n i t i a l l y con ta in ing 
a fluid at an e l e v a t e d s u b c o o l e d - o r s a t u r a t e d - l i q u i d t h e r m o d y n a m i c s t a t e , t h e 
p r e s s u r e i n s i d e the s y s t e m wi l l beg in to d e c r e a s e once a b r e a k f r o m the s y s ­
t e m to the a m b i e n t s u r r o u n d i n g s h a s been opened. The s y s t e m p r e s s u r e wi l l 
con t inue to d r o p be low the s a t u r a t i o n p r e s s u r e c o r r e s p o n d i n g to the i n i t i a l 
l iquid t e m p e r a t u r e , and it would fall a l l t he r e m a i n i n g way to the a m b i e n t 
p r e s s u r e if it w e r e not for the incep t ion of f lash ing of the con ta ined l iquid. 
The m e c h a n i s m tha t p r o h i b i t s such b e h a v i o r i s the a c t i v a t i o n and u n s t a b l e 
gro-wth of v a p o r a n d / o r gas e m b r y o s . T h e s e bubb le s expand and p r o d u c e a d d i ­
t i ona l fluid v o l u m e wi th in the s y s t e m , which s u b s e q u e n t l y i n c r e a s e s the i n t e r n a l 
v e s s e l p r e s s u r e . 

The fluid enve lope can p lay a s ign i f ican t r o l e in the i n c e p t i o n of v a p o r ­
i z a t i o n b e c a u s e the w a l l s of the c o n t a i n e r can have an a s s o r t m e n t of v a r i o u s 
s i z e s and s h a p e s of c a v i t i e s in the s u r f a c e . When the s y s t e m , which i s the 
fluid enve lope and e v e r y t h i n g wi th in it, is i n i t i a l l y f i l led wi th l iquid, s o m e of 
the c a v i t i e s miay be f looded i m m e d i a t e l y , but t h e r e wi l l be s o m e tha t wi l l 
r e s i s t f looding b e c a u s e of s u r f a c e - t e n s i o n ef fec ts . T h e s e r e m a i n i n g unf looded 
s u r f a c e c a v i t i e s can p lay a p r i n c i p a l r o l e in the i nc ip i en t v a p o r i z a t i o n p r o c e s s . 

The m a n n e r in which the p r e s s u r e and t e m p e r a t u r e of the con ta ined 

LIQUID 

fluid a r e i n c r e a s e d dur ing hea tup h a s a l s o been shown to effect t h e i n i t i a t i on 
of v a p o r i z a t i o n . If a t y p i c a l s u r f a c e cav i ty can be i d e a l i z e d as a r e e n t r a n t 

cav i ty , a s i l l u s t r a t e d in F ig . 46, 
t he r a n g e of cav i ty r a d i i tha t 
wi l l r e m a i n unf looded at any 
se t of fluid cond i t ions i s boLinded 
by // 

0 

/ 7 ^ — .^ 

A '"' 

Y/// 

jy^y / 

RE-ENTRANT 
CAVITV R E 

2 a ( T ) 

\ P b ' 
(160) 

a. Limit of Stability 
during Heatup 

b. Limit of Stability dur­
ing Depressurization 

w h e r e t h e p r e s s u r e i n t h e c a v i t y 
of b u b b l e , P]-,, i s i n g e n e r a l t h e 
s u m of t h e v a p o r p r e s s u r e of 
t h e w o r k i n g f l u i d , P.^ ( w h i c h i s 
t h e s a t u r a t i o n p r e s s u r e c o r r e ­
s p o n d i n g t o t h e l i q u i d t e m p e r a ­
t u r e ) , a n d t h e p a r t i a l p r e s s u r e 
of a n y n o n c o n d e n s i b l e g a s e s i n 

t h e b u b b l e o r c a v i t y , P g . E q u a t i o n 160 i n d i c a t e s t h a t t h e l a r g e s t r e m a i n i n g u n ­
f l o o d e d c a v i t y r a d i u s a t t h e e n d of a h e a t u p p r o c e s s i s d e p e n d e n t o n h o w t h e 
p r e s s u r e a n d t e m p e r a t u r e of t h e w o r k i n g f l u i d a r e c o n t r o l l e d d u r i n g t h e h e a t u p . 

Fig. 46. Limits of Stability of a Surface Cavity. 
ANL Neg. No. 900-5132. 
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C o n s i d e r a s u r f a c e cav i ty as a r e e n t r a n t cav i ty , a s shown in F ig . 46. 
The d i s c o n t i n u i t y of the cav i ty n e c k at the wa l l s u r f a c e and a l s o i n s i d e the 
cav i ty i n d i c a t e s tha t the m i n i m u m e q u i l i b r i u m r a d i u s of c u r v a t u r e of the 
m e n i s c u s i s t ha t of a h e m i s p h e r e at t h e s e two locat ions .^°^ Dur ing a hea tup 
p r o c e s s , the f r e e - s t r e a m l iqu id wi l l not p e n e t r a t e in to the cav i t y any fu r the r 
t ha t t ha t shown in F ig . 46a u n l e s s the p r e s s u r e d i f fe rence P ^ - P b e x c e e d s 
the s u r f a c e - t e n s i o n l i m i t of 2a /R in in - T h u s , the s c h e m a t i c in F ig . 46a ind i ­
c a t e s the l i m i t of m e c h a n i c a l s t ab i l i t y of the m e n i s c u s so tha t the cav i ty will 
not flood dur ing hea tup . L i k e w i s e , du r ing a d e p r e s s u r i z a t i o n , the bubble will 
not g r o w into the l iqu id any f a r t h e r t han tha t shown in F ig . 46b u n l e s s P ^ - P^ 
e x c e e d s the s u r f a c e - t e n s i o n l i m i t . S i m i l a r l y , the m e n i s c u s p o s i t i o n in Fig. 46b 
r e p r e s e n t s the l i m i t of miechan ica l s t ab i l i t y of the l i q u i d - v a p o r i n t e r f a c e during 
the d e c o m p r e s s i o n . 

The s u r f a c e t e n s i o n of a l iquid can be r e p r e s e n t e d a s 

a(T) = aof l - ^ j . (161) 

F o r w a t e r , t he t h e r m o d y n a m i c c r i t i c a l t e m p e r a t u r e Tc i s 705°F, QQ is a con­
s tan t equa l to 0.01156 Ibf/ft , and n i s a l so a c o n s t a n t equa l to 1.22. Equa­
t ion 161 can be u s e d in Eq. 160 to y ie ld the e q u i l i b r i u m s p h e r i c a l r a d i u s of a 
bubble as 

Za. {' - * ) " 
^ E = P ^ + Pg - P , - (162) 

Equa t ion 162 can be u s e d to d e t e r m i n e the r a d i u s of a s p h e r i c a l bubble that 
wi l l r e m a i n in m e c h a n i c a l e q u i l i b r i u m with a s u r r o u n d i n g l iquid of a given 
t e m p e r a t u r e and at a g iven d i f fe rence in p r e s s u r e a c r o s s the bubble wal l . 

As p r e v i o u s l y noted , the p r e s s u r e in t h e bubble o r cav i ty , P ^ , in 
Eq. 160 is g e n e r a l l y the s u m of the v a p o r p r e s s u r e of the work ing fluid and 
any gas p a r t i a l p r e s s u r e s . In th i s e x p e r i m e n t , the blowdown v e s s e l was 
e v a c u a t e d and then w a s f i l led wi th d e m i n e r a l i z e d w a t e r , of 8 - M o h m - c m r e s i s ­
t iv i ty , unde r v a c u u m . Th i s p r o c e d u r e should have r e m o v e d a l m o s t a l l the 
v a p o r s and g a s e s f r o m the v e s s e l be fo re f i l l ing. H o w e v e r , the w a t e r tha t was 
put into the blowdown v e s s e l did have d i s s o l v e d g a s wi th in i t . If t h e r e was 
some g a s , p r i m a r i l y a i r , in the s u r f a c e c a v i t i e s , once the v e s s e l w a s c o m ­
p le t e ly f i l led with w a t e r , as the t e m p e r a t u r e of the m i x t u r e w a s i n c r e a s e d , 
the p a r t i a l p r e s s u r e of the a i r in so lu t ion would have i n c r e a s e d . T h i s can be 
shown by c o n s i d e r i n g H e n r y ' s Law for the e q u i l i b r i u m so lub l e c o n c e n t r a t i o n 
of a so lu te : 

C ( P , T ) = K(T)Pg . (1^3) 
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F o r cond i t i ons at 14.5 p s i a and 67°F, the w a t e r would have c o n t a i n e d 
a m a x i m u m c o n c e n t r a t i o n of about 0.00146 I b m of a i r p e r ft^ of water^° as 
shown in F i g . 47. S ince the w a t e r w a s put in to the blowdown v e s s e l at t h i s 
p r e s s u r e and t e m p e r a t u r e and w a s h e a t e d f r o m th i s s t a t e in an a l l - l i q u i d con ­
di t ion, it w a s unab l e to d i s s o l v e miore a i r or gas fromi the e x t e r n a l e n v i r o n ­
m e n t a s it w a s h e a t e d . Consequen t ly , t h e c o n c e n t r a t i o n of the a i r in the miixture 
w a s c o n s t a n t , and Eq. 163 can be r e w r i t t e n as 

K(T2)Pg^ = K(Ti)Pg^, (164) 

w h e r e s t a t e 2 i s an e l e v a t e d t h e r m o d y n a m i c s t a t e and s t a t e 1 i s s o m e r e f e r e n c e 
s t a t e . If a t m o s p h e r i c cond i t ions a r e t a k e n as the r e f e r e n c e s t a t e , then the 
equi l ibr iumi p a r t i a l p r e s s u r e of a i r in the m i x t u r e at an e l e v a t e d t h e r m o d y n a m i i c 
s t a t e i s g iven by 

K(Ta tm) 
3 

g a t m K(T2) 

(165) 
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Fig. 47. Equilibrium ;oncentration of Air in Water. 
ANL Neg. No. 900-5174 Rev. 2. 

S i n c e t h e c o n c e n t r a t i o n c o e f f i c i e n t K ( T ) f o r a i r i n w a t e r d e c r e a s e s w i t h 
i n c r e a s i n g t e m p e r a t u r e , ^ " * t h e p a r t i a l p r e s s u r e of t h e a i r i n t h e m i x t u r e w o u l d 
h a v e i n c r e a s e d a s t h e t e m p e r a t u r e of t h e m i x t u r e i n c r e a s e d T h e p a r t i a l 
p r e s s u r e of a i r in w a t e r a t 6 7 ° F a n d a t o t a l p r e s s u r e of 14. 5 p s i a i s a b o u t 
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14.2 p s i a . With a knowledge of how the p r e s s u r e and t e m p e r a t u r e of the work­
ing fluid w e r e i n c r e a s e d du r ing h e a t u p , t he h i s t o r y of the l a r g e s t r e m a i n i n g 
unf looded cav i ty s i z e du r ing t h e h e a t u p can be d e t e r m i n e d , if it i s assumied 
tha t t he n o n c o n d e n s i b l e g a s e s in the sys tem, p l ay a r o l e in the d e a c t i v a t i o n and 
ac t i va t i on s e q u e n c e s of a cav i ty , E q s . 160 and 165 can be c o m b i n e d to y ie ld 

-OQ 

R l 

I 
n 

^l 
K(Ta tm) 

K(T^) 

(166) 

P „ - P „ _ . ( T . ) 
g a t m ^^^^ ^' 

Once the h e a t u p p r o c e s s h a s been c o m p l e t e d , and the l a r g e s t remain ing 
unflooded cav i ty s i z e and the t h e r m o d y n a m i c s t a t e at which i t o c c u r r e d during 
h e a t u p h a v e b e e n d e t e r m i n e d , Eq. 166, and then E q s . 162 and 165, can be used 
to e s t i m a t e the s u p e r h e a t r e q u i r e d to a c t i v a t e the l a r g e s t r e m a i n i n g unflooded 
cavi ty . T h i s s u p e r h e a t can a l s o be d e t e r m i n e d d i r e c t l y . The l a r g e s t r e m a i n ­
ing unflooded cav i ty s i z e dur ing d e a c t i v a t i o n can be d e t e r m i n e d f r o m Eq. 166 as 

^^i^O 
R E , 

^ ^ d -
K(Ta tm) 
K(T^^) g a t m 

(167) 

sat^ -^l (T .J 

At the t i i ne of ac t i va t i on of the l a r g e s t r e m a i n i n g unf looded cav i ty , i t s mechan­
i c a l s t ab i l i t y can be f o r m u l a t e d f r o m Eq. 162 as 

R 
2<^(T^J 

Ea = T. , ^ , K(Ta tm) ^ 
^sati^lj + K(T^^) ^ g a t m " ^ J 

(168) 

The m a x i m u m cav i ty r a d i u s tha t is not d e a c t i v a t e d dur ing hea tup , R E J 
as given in Eq. 168, i s equa l to the m a x i m u m ac t ive cav i ty r a d i u s j u s t before 
the d e c o m p r e s s i o n i s i n i t i a t ed , R E , ^ S g iven in Eq. 168. T h e s e two re la t ions 
can then be combined to i nd i ca t e the s u p e r h e a t r e q u i r e d to a c t i v a t e the l a rges t 
r e m a i n i n g unflooded cav i ty af ter hea tup : 

P s a t ( T ^ _ ) 
a(T^J 
o{Ti^) 

K(Ta tm) 
^d • K(T, 

3 _ p CT 
g a t m s a t ^ ^ t d 

K(Tatm) 
K(T^J g a t m ' (169) 

Equa t ions 162 and 169 should p r o d u c e the s a m e r e s u l t for the p r e s s u r e at 
which u n s t a b l e bubble g rowth would begin once the m i n i m u m d e a c t i v a t e d cavity 
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r a d i u s h a s b e e n d e t e r m i n e d f r o m Eq. 166. Th i s i s , then , t he g e n e r a l c r i t e r i o n 
for how fa r the s y s t e m p r e s s u r e wi l l d r o p be low the s a t u r a t i o n p r e s s u r e c o r ­
r e s p o n d i n g to the i n i t i a l l iquid t e m p e r a t u r e b e f o r e u n s t a b l e bubble g r o w t h wi l l 
s t a r t . T h i s i s the i n i t i a t i on of the v o l u m e - p r o d u c i n g m e c h a n i s m wi th in the 
s y s t e m in wh ich the a c t i v a t i o n of the a v a i l a b l e s u r f a c e c a v i t i e s for bubble 
n u c l e a t i o n s t a r t t he p r o d u c t i o n of the v a p o r p h a s e . 

Dur ing the h e a t u p p r o c e s s in t h e s e t e s t s , the p r e s s u r e and t e m p e r a t u r e 
of t h e l iqu id w e r e i n c r e a s e d s i m u l t a n e o u s l y , and for e a c h i n c r e m i e n t a l i n c r e a s e 
in the p r e s s u r e and t e m p e r a t u r e , s u c c e s s i v e l y s m a l l e r r e m a i n i n g s u r f a c e 
c a v i t i e s w e r e f looded as d i c t a t ed by Eq. 160. The i n t e r n a l v e s s e l p r e s s u r e 
was n o r m a l l y m a i n t a i n e d about 50 p s i g r e a t e r than the s a t u r a t i o n p r e s s u r e 
c o r r e s p o n d i n g to the i n s t a n t a n e o u s l iquid t e m p e r a t u r e dur ing t h e h e a t u p 
p r o c e s s . T h i s i s shown in F i g s . 48 and 49, w h e r e the h i s t o r i e s of the i n t e r n a l 
v e s s e l p r e s s u r e and the l iquid t e m i p e r a t u r e a r e shown for timie b e f o r e the 
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d e c o m p r e s s i o n s w e r e in i t i a t ed . If t h e 5 0 - p s i d i f f e r e n t i a l - p r e s s u r e c r i t e r i o n 
i s u s e d in Eq. 16o, wh ich a s s u m e s t h a t w h a t e v e r gas w a s in the s y s t e m played 
a r o l e in the d e a c t i v a t i o n p r o c e s s of a s u r f a c e cav i ty , the h i s t o r y of the l a rges t 
r e m a i n i n g , e q u i l i b r i u m , unf looded cav i ty s i z e du r ing h e a t u p can be d e t e r m i n e d , 
and th i s i s a l s o shown in F i g s . 48 and 49. As a r e s u l t , in the l a r g e s t r e m a i n ­
ing unf looded cav i t y s i z e b e f o r e d e c o m p r e s s i o n i n i t i a t i on i s about 13.763 |i,in. 
in t e s t 1 and 12.359 |j.in. in t e s t 2. When t h e s e v a l u e s a r e u s e d in Eq. 168, the 
c a l c u l a t e d s y s t e m p r e s s u r e for cav i ty s t a b i l i t y l i m i t s a r e 286 p s i a in t e s t 1 
and 399 p s i a in t e s t 2. T h e s e v a l u e s a r e the s a m e as t h o s e c a l c u l a t e d f rom 
Eq. 169. The in ten t in t h e s e t e s t s w a s to g e n e r a t e an i n i t i a l l y s a t u r a t e d liquid 
s t a t e f r o m which to s t a r t t h e d e c o m p r e s s i o n s . F i g u r e s 48 and 49 show that 
the l a r g e s t r e m a i n i n g unf looded cav i ty s i z e was e s t a b l i s h e d j u s t be fo re the 
n e a r l y s a t u r a t e d l iquid s t a t e w a s r e a c h e d . 

The u n s t a b l e g r o w t h of a bubble r e s u l t i n g f r o m a n u c l e a t i o n s i t e is ini­
t i a l l y l i m i t e d by i n e r t i a l and s u r f a c e - t e n s i o n c o n s t r a i n t s ; h o w e v e r , t h i s per iod 
of bubble g rowth i s v e r y s h o r t for m o s t f lu ids , and m o s t of i t s g r o w t h i s l imited 
by the r a t e of t h e r m a l conduc t ion to the l i q u i d - v a p o r i n t e r f a c e of the bubble. 
The r a d i u s of a g rowing bubble dur ing the i n e r t i a l l y and t h e r m a l l y con t ro l l ed 
p e r i o d s of g rowth i s shown s c h e m a t i c a l l y in F ig . 50. The ef fec ts of su r face 
t e n s i o n and noncondens ib l e g a s e s a r e n e g l e c t e d in the p r e s e n t d i s c u s s i o n of 
bubble growth . In the i n e r t i a l l y c o n t r o l l e d s t a g e , t he g rowth of a bubble is in­
f luenced by the p r e s e n c e of the s u r r o u n d i n g l iquid; i . e . , it m u s t d i s p l a c e adja­
cent l iquid in o r d e r to cont inue to grow. Th i s in i t i a l , n e a r l y i s o t h e r m a l period 
of bubble g rowth w a s o r i g i n a l l y t r e a t e d by Rayleigh, ' '^ who d e t e r m i n e d that the 
r a d i u s of a bubble du r ing t h i s p e r i o d grew^ l i n e a r l y -with t i m e a s g iven by 

r(t) = [fv^(Pb- ^l)Y"t. (170) 

CD 

CD 

TIME 

Fig. 50. Growth Characteristics of Vapor Bubble during the Inertially and Ther­
mally Controlled Growth Periods. ANL Neg. No. 900-5175 Rev. 1. 
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Sufficient superheat is available in the iner t ia l -growth period for the 
bubble to grow potentially to the size indicated by the hea t - t r ans fe r - con t ro l l ed 
mechan i sm (see Fig. 50), but the iner t ia of the surrounding liquid prohibi ts the 
growth of the bubble to this size. The growth of the bubble during the t he r ­
mally controlled stage is shown schematical ly in Figs . 50 and 51. During this 
period, the p r e s s u r e in the bubble and the liquid a re near ly uniform. The 
radius of a growing bubble during this period inc reases as the square root of 
time:^^>^°° 

r(t) = ( l i c v ^ J a ^ ) ' ' V ^ ^ (171) 

where the Jakob number Ja is formulated as 

J a 
•^P-J^PLC^W " Tgat) 

P V V L 
(172) 

The combined effects of iner t ia l ly and thermal ly controlled bubble growth in­
dicate that the radius of a growing bubble would approximately follow the solid 
line in Fig. 50. 

T, ,„ = CONSTANT 
LIQ 

TwALL^'CONSTANT-T^^L,(0) Fig. 51 

Unstable Thermal Growth of a Bubble 
Resulting from a Surface Cavity. ANL 
Neg. No. 900-5114 Rev. 1. 
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B. T h e r m o d y n a m i c s of the V a p o r i z a t i o n P r o c e s s 

In the p e r i o d i m m e d i a t e l y fol lowing the i n i t i a t i on of the decomipress ion 
in t e s t s 1 and 2, the s a t u r a t i o n p r e s s u r e s c o r r e s p o n d i n g to the m e a s u r e d in­
t e r n a l v e s s e l t e m i p e r a t u r e s w e r e g r e a t e r t h a n the m i e a s u r e d i n t e r n a l v e s s e l 
p r e s s u r e s , a s s e e n in F i g s . 52 and 53. Two t h e r m o c o u p l e s m e a s u r e d the 
i n t e r n a l t r a n s i e n t t e m p e r a t u r e s . The u p p e r t h e r m o c o u p l e i n s i d e the i n t e r n a l 
s k i r t , T7, w a s a s h e a t h e d , u n g r o u n d e d t h e r m o c o u p l e , wi th a m e a s u r e d r e ­
s p o n s e t i m e of about 340 m s e c . The l ower t h e r m o c o u p l e i n s i d e the i n t e r n a l 
s k i r t , Tg, w a s a s h e a t h e d , g rounded t h e r m o c o u p l e , wi th a m e a s u r e d r e s p o n s e 
t i m e of about 100 m s e c . The l o c a t i o n s of the P7-T7 and Pg-Tg p a i r s a r e shown 
in F i g s . 4, 8, 9, 12, and 13. T h e s e r e s p o n s e t i m e s a r e of about the s a m e mag­
n i tude a s the t i m e tha t the s a t u r a t i o n p r e s s u r e s c o r r e s p o n d i n g to the m e a ­
s u r e d i n t e r n a l v e s s e l t e m p e r a t u r e s w e r e i n i t i a l l y g r e a t e r t han the m e a s u r e d 
p r e s s u r e s . 
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Fig. 52. Comparison of the Measured Pressures and 
the Saturation Pressures Corresponding to 
the Measured Temperatures in Test 1. 
ANL Neg. No. 900-4983 Rev. 1. 

Fig. 53. Comparison of the Measured Pressures 
and the Saturation Pressure Correspond­
ing to the Measured Temperature in 
Test 2. ANL Neg. No. 900-4964 Rev. 1. 

In t e s t 1, t h e s a t u r a t i o n p r e s s u r e c o r r e s p o n d i n g t o t h e m e a s u r e d i n ­
t e r n a l v e s s e l t e m i p e r a t u r e b e g a n t o l a g t h e m e a s u r e d p r e s s u r e a t a b o u t 1.5 s e c , 
a s s e e n in F i g . 52 . A t t h i s t i m e t h e r e w a s o n l y a b o u t 40 Ibj-^ of f l u i d r e m a i n ­
ing w i t h i n t h e v e s s e l , a s s e e n in F i g . 5 4 . T h i s l e f t v e r y p o o r c o o l i n g c a p a ­
b i l i t y i n s i d e t h e v e s s e l ; t h e r e f o r e t h e t h e r m i o c o u p l e s b e g a n t o l a g t h e f l u id 
t e m p e r a t u r e b e c a u s e of t h e i r o w n t h e r m a l i n e r t i a a n d a l s o b e c a u s e of t h e 
h o t s t r u c t u r a l s u p p o r t s n e a r t h e m . T h e s a m e t r e n d w a s t r u e in t e s t 2 , a s 
s e e n m F i g . 5 3 , b u t t h e s e v e r i t y w a s n o t a s m a r k e d o r a s s t r o n g a f u n c t i o n 
of t h e r e m a i n i n g m a s s ( s e e F i g . 55) . 
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Fig. 55. Comparison of the Measured and 
Inferred Remaining Mass in Test 2. 
ANL Neg. No. 900-4973. 

I t w a s m o s t i m p o r t a n t t o h a v e r e l i a b l e m a s s - h i s t o r y d a t a i n t h i s e x ­
p e r i m e n t i n o r d e r t o a l s o h a v e a g o o d k n o w l e d g e of t h e c r i t i c a l f l o w r a t e d u r ­
i n g t h e b l o w d o w n . T h e i n f e r r e d m a s s - d e c a y h i s t o r y e a r l y i n t h e d e c o m p r e s s i o n 
w a s d e t e r m i n e d b y i n t e g r a t i n g t h e f l o w - r a t e r e l a t i o n 

G = [ 2 p ( P i - p,,)y/'. 

A v o i d f r a c t i o n w a s d e t e r m i i n e d f r o m t h e m e a s u r e d r e s u l t s a s 

(173 ) 

(y = 1 
m v L ( P ) 

V 
(174) 

and it w a s u s e d to d e t e r m i n e the fluid d e n s i t y fromi 

P = P V ^ ^ ^L^^ • "^• 
(175) 

The s i m u l t a n e o u s l y m e a s u r e d u p s t r e a m s t a g n a t i o n p r e s s u r e , ^Pj in t e s t 1 
and P l in t e s t 2, and the exit p r e s s u r e , P14, w e r e u s e d to d e t e r m i n e the in­
s t a n t a n e o u s flow r a t e f r o m Eq . 17 3. The flow r a t e w a s t h e n i n t e g r a t e d : 

m(T) = m(0) - Ag r G(t)dt , 
Jn 

(176) 

to d e t e r m i n e the r e m a i n i n g fluid m a s s b a s e d on the m e a s u r e d r e s u l t s in the 

e a r l y p e r i o d of the d e c o m p r e s s i o n . 

The r e m a i n i n g m a s s h i s t o r y d u r i n g the l a t t e r p o r t i o n of the d e p r e s ­
s u r i z a t i o n could be b r a c k e t e d with an i s e n t r o p i c and i s e n t h a l p i c e q u i l i b r i u m 
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expans ion wi th in the v e s s e l by u s i n g the h i s t o r y of the m e a s u r e d i n t e r n a l 
v e s s e l p r e s s u r e ( s ee F i g s . 52 and 53). F o r an i s e n t r o p i c e x p a n s i o n , 

So(0) = s v ( ^ ) ^ + Sj^(P)(l - x) = c o n s t a n t ; (177) 

the qua l i ty can be d e t e r m i n e d f r o m 

So(0) - S L ( P ) 

""^ " S V L ( P ) • ^^^^) 

F o r an i s e n t h a l p i c expans ion , 

ho(0) = h y ( P ) x + hj^(P)( l - x) = c o n s t a n t ; (I79) 

the qua l i ty b e c o m e s 

ho(0) - h L ( P ) 

""^ ^ h v L ( P ) • (^80) 

The e q u i l i b r i u m qua l i ty is then u s e d to d e t e r m i n e the spec i f i c v o l u m e of the 
r e m a i n i n g m i x t u r e a s 

^ = ^ = v ^ ( P ) x - f V L ( P ) ( 1 - X ) , ( iS i ) 

f r o m which the r e m a i n i n g fluid m a s s can be eva lua t ed . The v o l u m e u s e d in 
Eq. 181 was tha t wi th in the i n t e r n a l - s k i r t r e g i o n , which w a s 78 .5% of the total 
i n t e r n a l v e s s e l v o l u m e . This w a s done b e c a u s e m o s t of the fluid m a s s res ided 
ins ide the i n t e r n a l - s k i r t r eg ion in the l a t t e r p o r t i o n of the d e c o m p r e s s i o n . 
This p r o c e d u r e led to a d e t e r m i n a t i o n of the r e m a i n i n g fluid m a s s b a s e d on 
the h i s t o r y of the h i g h - r e so lu t ion , m e a s u r e d , i n t e r n a l v e s s e l p r e s s u r e . The 
r e s u l t i n g r e m a i n i n g m a s s e s d e t e r m i n e d in t h i s m a n n e r a r e shown in F i g s . 54 
and 55. The r e m a i n i n g m a s s c a l c u l a t e d by the two e q u i l i b r i u m expans ion 
pa ths was e s s e n t i a l l y the s a m e in t e s t 1, but the r e m a i n i n g m a s s ca l cu l a t ed 
f r o m the i s e n t r o p i c expans ion was s l igh t ly g r e a t e r t han tha t c a l c u l a t e d f rom 
the i s en tha lp i c expans ion in t e s t 2. This is r e a s o n a b l e , s i nce the expans ion 
s t a r t e d f r o m a h i g h e r p r e s s u r e - t e m p e r a t u r e s t a t e in t e s t 2 t han in t e s t 1. 

The i s e n t r o p i c and i s e n t h a l p i c i n t e r n a l v e s s e l e x p a n s i o n s w e r e eva l ­
ua ted as to which would b e s t d e s c r i b e the a c t u a l p h y s i c a l p r o c e s s F o r the 
t i m e s c a l e of t h e s e b lowdowns , an ins ign i f i can t a m o u n t of h e a t was t r a n s f e r r e d 
f rom the i n t e r n a l sol id s u r f a c e s of the v e s s e l to the r e m a i n i n g fluid. This can 
be shown by c o n s i d e r i n g the wa l l s of the v e s s e l to be s e m i - i n f i n i t e s l a b s with 
a l a r g e Biot n u m b e r , i . e . , a l a r g e r a t i o of i n t e r n a l , c o n d u c t i v e , t h e r m a l r e s i s ­
t ance to s u r f a c e , c o n v e c t i v e , t h e r m a l r e s i s t a n c e , and a l s o for the condi t ion that 



6 / 2 . y ^ > 1/2. The a m o u n t of t h e r m a l e n e r g y e x t r a c t e d f r o m the s u r f a c e 
u n d e r t h e s e cond i t ions is given by 
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AQ = 2kS [T(O) 
At 

n a , 

1/2 
(182) 

In t e s t 1, when the s y s t e m p r e s s u r e began to d e c r e a s e at about 1 sec 
( see F i g . 52), and when only about 73 Ibj-^ of fluid r e m a i n e d wi th in the v e s s e l 
( see F i g . 54), the h e a t r e m o v e d f r o m the w a l l s of the v e s s e l w a s about 200 Btu, 
which w a s only about 0.2% of the i n i t i a l e n e r g y i n v e n t o r y . In t e s t 2, when the 
s y s t e m p r e s s u r e b e g a n to d e c r e a s e at about 0.6 s ec ( see F i g . 53), and when 
t h e r e w a s about 96 Ibj-^ of fluid r e m a i n i n g wi th in the v e s s e l ( s ee F i g . 55), 
only about 250 Btu of t h e r m a l e n e r g y w a s e x t r a c t e d f r o m the v e s s e l w a l l s , o r 
about 0.2% of the i n i t i a l e n e r g y i n v e n t o r y . S ince a neg l ig ib le a m o u n t of h e a t 
was t r a n s f e r r e d to the r e m a i n i n g fluid f r o m the v e s s e l s t r u c t u r e d u r i n g th i s 
p e r i o d of the d e c o m p r e s s i o n , the expans ion w a s e s s e n t i a l l y an i s e n t r o p i c 
p r o c e s s . 

The in i t i a l , i n f e r r e d m a s s - d e c a y h i s t o r y , ob ta ined f r o m E q s . 173-176 , 
w a s then u s e d in conjunc t ion with the i s e n t r o p i c - e x p a n s i o n r e s u l t s l a t e r in the 
blowdown, given by E q s . 178 and 181, to i nd i ca t e the r e m a i n i n g m a s s h i s t o r y 
for the e n t i r e d e c o m p r e s s i o n . The c o m b i n e d r e s u l t s for the i n f e r r e d m a s s 
d e c a y h i s t o r y b a s e d on the m e a s u r e m e n t s a r e shown in F i g s . 54 and 55. 

t ion 

F i g u r e s 54 and 55 show tha t the t h e r m o d y n a m i c e q u i l i b r i u m c a l c u l a -
of the r e m a i n i n g m a s s a g r e e d with the m e a s u r e m e n t s only a f te r about 

700 m s e c into the d e c o m p r e s s i o n , which is 
a l s o when the s y s t e m p r e s s u r e s t a r t e d to 
d e c r e a s e s ign i f i can t ly ( s ee F i g s . 52 and 53). 
Th i s is when the void f r ac t i on of the r e ­
m a i n i n g fluid wi th in the i n t e r n a l - s k i r t 
r e g i o n had i n c r e a s e d to about 0 .5 , a s s e e n 
in F i g s . 56 and 57. Th i s shows tha t the 
b e h a v i o r of m o s t of the r e m a i n i n g fluid 
i n s ide the i n t e r n a l - s k i r t r e g i o n b e f o r e 
about 700 m s e c w a s not t ha t of t h e r m o d y ­
n a m i c e q u i l i b r i u m . We -will show^ l a t e r 
tha t the a c t i v a t i o n of the a v a i l a b l e s u r f a c e 
c a v i t i e s was the m e c h a n i s m for m a i n t a i n i n g 
the s y s t e m p r e s s u r e d u r i n g th i s e a r l y p e r i o d 
of the d e c o m p r e s s i o n . The c o n s t a n t i n t e r n a l 
v e s s e l p r e s s u r e d e m o n s t r a t e d i t s e l f a s a 
c o n s t a n t r e m a i n i n g m a s s in the t h e r m o ­
d y n a m i c e q u i l i b r i u m c a l c u l a t i o n s shown in 
F i g s . 5 4 - 5 7 . 

1.0 1.5 2 0 
TIME, sec 

Fig.56. An Indication of When Thermodynamic , ,. _ , , ,, , , , 
^ .,., . r . . n „ •„;„„ T:i..iA ,r, F i g u r e s 54 a n d 55 a l s o s h o w t h a t t h e 
Equilibrium of the Remaining Fluid in 6 
the Internal-skirt Region Was Reached in i n f e r r e d r e m a i n i n g m a s s c o m p a r e d w e l l w i t h 
Test 1. ANL Neg.No. 900-5160Rev. 1. t h e m e a s u r e m e n t s f o r m i o s t of t h e b l o w d o w n . 
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D i f f e r e n t i a t i n g E q . 183 p r o d u c e s 

T h e o n l y p e r i o d of s l i g h t d i s a g r e e m e n t 
w a s in t e s t 1 ( s e e F i g . 54) f r o m a b o u t 1.2 
t o 2 .0 s e c , w h e n t h e m e a s u r e m e n t s w e r e 
s o m e w h a t g r e a t e r t h a n t h e i n f e r r e d r e ­
m a i n i n g m a s s . T h e p r e s s u r e d a t a in 
t h i s e x p e r i m e n t p r o v i d e d t h e g r e a t e s t 
r e s o l u t i o n of t h e m e a s u r e m e n t s fo r t h i s 
f l ow c o n f i g u r a t i o n . T h e i n f e r r e d 
r e m a i n i n g - m a s s r e s u l t s i n F i g s . 54 and 
55 b a s e d on t h e s e p r e s s u r e d a t a a r e 
t h e r e f o r e c o n s i d e r e d t o b e t h e m o s t a c ­
c u r a t e r e p r e s e n t a t i o n s of t h e r e m a i n i n g 
f l u i d m a s s in t h e s y s t e m d u r i n g t h e 
d e c o m p r e s s i o n . 

T o d e m o n s t r a t e t h a t t h e f lu id 
q u a l i t y w o u l d i n c r e a s e a n d t h e r e m a i n ­
ing m a s s w o u l d d e c r e a s e w h i l e t h e p r e s ­
s u r e i s n e a r l y c o n s t a n t a n d t h e t e m p e r a t u r e 
d e c r e a s e s , a s in F i g s . 56 a n d 5 7 , t h e fol­
l o w i n g n o n e q u i l i b r i u m a n a l y s i s i s 
c o n s i d e r e d . 

T h e v o l u m e of t h e s y s t e m is 
c o n s t a n t a n d e q u a l t o 

V m v c o n s t a n t . (183) 

m d v -f- V d m = 0, 

w h e r e t h e h o m o g e n e o u s s p e c i f i c v o l u m e i s g i v e n b y 

V = V y ( P ) x + V L ( P ) ( 1 - x ) . 

(184) 

(185) 

B y d i f f e r e n t i a t i n g E q . 185 a n d b y a s s u m i n g t h a t t h e p r e s s u r e i s c o n s t a n t and 
t h e l i q u i d p h a s e i n c o m p r e s s i b l e , w e c a n w r i t e E q . 184 a s 

dm ' 
) 

-V V L ( P ) 

m / p V y ( P ) x - f V L ( P ) ( 1 - x) 
d x . (186) 

E v a l u a t i n g t h e f lu id q u a l i t y in a n i s e n t r o p i c m a n n e r f r o m t h e i n i t i a l t h e r m o ­
d y n a m i c s t a t e t o t h e r e g i o n w h e r e t h e p r e s s u r e i s c o n s t a n t b u t t h e t e m p e r a ­
t u r e i s v a r i a b l e p r o d u c e s 

So(0) - s ^ ( T ) 

sv(P) ;T)- (187; 
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U s e of t h i s equa t ion r e d u c e s Eq. 186 to 

( ^ ' 

V y L ( P ) ( l - x) 
d s , ( T ) . 

, p - [ s y ( P ) - s ^ ( T ) ] [ v y ( P ) x + V L ( P ) ( 1 - x ) ] " ^ ^ 
(188) 

F r o m the c o m b i n e d F i r s t and Second Laws of T h e r m o d y n a m i c s , the 
c o n s t a n t - p r e s s u r e cond i t ion i n d i c a t e s t ha t 

d T 

^ ^ ( T ) = cp^- ;^ 
I 

(189) 

and Eq . 188 b e c o m e s 

/ d m \ __ 
V (P)Cp (1 - x) 

VL P-L d T , 

\ m / p [ s ^ ( P ) - s ^ (T ) ] [vy (P )x + V J P ) ( 1 - x)] T^ 
(190) 

E q u a t i o n 190 shows tha t , a t cons t an t p r e s s u r e , a t e m p e r a t u r e d e c r e a s e 
wi l l i n c r e a s e the fluid qua l i t y ( E q s . 187 and 189) and, h e n c e , d e c r e a s e the r e ­
m a i n i n g m a s s . The p r e s s u r e did r e m a i n n e a r l y c o n s t a n t for about 0.5 s ec in 
both t e s t s , a s s e e n in F i g s . 56 and 57, and the r e m a i n i n g m a s s did d e c a y con ­
s i d e r a b l y d u r i n g th i s p e r i o d , a l s o shown in F i g s . 56 and 57. 

Al though the d e c o m p r e s s i o n s r e p o r t e d in th i s s tudy w e r e i n i t i a t ed 
f r o m a n e a r l y s a t u r a t e d l iquid s t a t e , t h e r e w a s no subcoo led blowdown p e r i o d 
a s such ; a s i m p l e subcoo led blowdown m o d e l w a s f o r m u l a t e d ( see Sec . I I I .C) , 
and it is c o m p a r e d to somie a v a i l a b l e da t a . The p r o p o s e d m o d e l i n c o r p o r a t e s 
the e l a s t i c i t y of the b lowdown v e s s e l , unchoked flow d u r i n g the i n i t i a l p e r i o d 
of the b lowdown, and c r i t i c a l flow d u r i n g the l a t e r s t age of subcoo led d e c o m ­
p r e s s i o n . The p r o p o s e d m o d e l is c o m p a r e d to the h i s t o r i e s of the m e a s u r e d 
i n t e r n a l v e s s e l p r e s s u r e in BNWL^'^ r u n s 25 and 52 in F i g s . 58 and 59, and 
a l s o in the B a t t e l l e - F r a n k f u r t ^ ^ r u n 13 in F i g . 60. The m o d e l c o m p a r e s w e l l 
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Comparison of the Subcooled Blowdown 
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Model to the Data of BNWL Run 52."^^ 
ANL Neg. No. 900-75-95. 

Fig. 60. Comparison of the Subcooled Blowdown 
Model to the Dataof Battelle-Frankfurt 
Run 13.'''^ ANL Neg. No. 900-75-98. 

w i t h t h e m e a s u r e d p r e s s u r e in F i g . 58 t o a b o u t 16 m s e c , a f t e r w h i c h t h e d a t a 
r i s e s l i g h t l y a b o v e t h e p r e d i c t i o n . T h e r e w a s d i s s o l v e d n i t r o g e n g a s in t he 
w a t e r d u r i n g t h e s e t e s t s , a n d t h e r i s e i n t h e m e a s u r e d p r e s s u r e a b o v e t h e c a l ­
c u l a t i o n i s a t t r i b u t e d to g a s c o m i n g o u t of s o l u t i o n in t h i s r u n . T h e m o d e l 
a n d t h e d a t a c o m p a r e w e l l in F i g s . 59 a n d 6 0 . T h e d e p a r t u r e of t h e m e a s u r e d 
p r e s s u r e f r o m t h e c a l c u l a t e d p r e s s u r e a t a b o u t 13 m s e c in F i g . 60 i s a l s o 
a t t r i b u t e d t o d i s s o l v e d g a s c o m i n g o u t of s o l u t i o n . 

T h e a c t i v a t i o n of t h e a v a i l a b l e s u r f a c e c a v i t i e s p l u s t h e g r o w t h of the 
b u b b l e s a l r e a d y d e t a c h e d f romi t h e s u r f a c e a n d in t h e f r e e s t r e a m i n e a c h 
s e c t o r of t h e s y s t e m s u s t a i n e d t h e i n t e r n a l v e s s e l p r e s s u r e u n t i l t h e r e m a i n ­
i n g f lu id b e c a m e r e l a t i v e l y w e l l d i s p e r s e d . A l t h o u g h t h e l i q u i d in t h e i n t e r n a l -
s k i r t r e g i o n w a s s u p e r h e a t e d d u r i n g t h e e a r l y p e r i o d of t h e d e c o m p r e s s i o n 
( s e e F i g s , 54 a n d 55) , o n c e s u f f i c i e n t f l u i d h a d b e e n e x h a u s t e d f r o m t h e v e s ­
s e l t h e r e m a i n i n g f lu id i n s i d e t h e i n t e r n a l - s k i r t r e g i o n e x p e r i e n c e d a f low-
r e g i m e t r a n s i t i o n t o w a r d a w e l l - d i s p e r s e d , t w o - p h a s e , l i q u i d - v a p o r m i x t u r e . 
O n c e t h e v o i d f r a c t i o n of t h e r e m a i n i n g f l u i d i n s i d e t h e i n t e r n a l - s k i r t r e g i o n 
h a d i n c r e a s e d t o s u c h a v a l u e ( a b o u t 0 . 3 - 0 . 5 ) t h a t t h e r e m a i n i n g f l u i d in t h i s 
r e g i o n a p p r o a c h e d a u n i f o r m l y d i s t r i b u t e d m i x t u r e , t h e v a p o r i z a t i o n w a s c o n ­
t r o l l e d b y h e a t t r a n s f e r f r o m t h e s u r f a c e of t h e r e m a i n i n g s u p e r h e a t e d l i qu id 
d r o p l e t s . T h e f lu id c o n f i g u r a t i o n in t h e d o w n c o m e r a n n u l u s w a s a l r e a d y w e l l 
d i s p e r s e d a t t h i s t i m e , s o t h e v a p o r - p r o d u c i n g m e c h a n i s m in t h e a n n u l u s w a s 
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a l r e a d y tha t of v a p o r i z a t i o n f r o m s u p e r h e a t e d l iquid s u r f a c e s . H e n c e , the 
r e m a i n i n g fluid i n s ide the i n t e r n a l s k i r t a p p r o a c h e d t h e r m o d y n a m i c e q u i l i b ­
r i u m cond i t i ons in the l a t t e r p a r t of the d e c o m p r e s s i o n w^hen the fluid con ­
f i g u r a t i o n in t ha t s e c t o r of the s y s t e m b e c a m e we l l d i s p e r s e d . Th i s is shown 
in F i g s . 56 and 57 when the t h e r m o d y n a m i c e q u i l i b r i u m p r e d i c t i o n of the r e ­
m a i n i n g m a s s b a s e d on the m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e camie into 
a g r e e m e n t wi th the m e a s u r e d r e m a i n i n g m a s s . 

At the s t a r t of the d e c o m p r e s s i o n s , the s y s t e m p r e s s u r e d r o p p e d 
be low the s a t u r a t i o n p r e s s u r e and a c t i v a t e d t h e l a r g e s t r e m a i n i n g unf looded 
s u r f a c e c a v i t i e s s t i l l ex i s t i ng a f t e r h e a t u p , as i nd ica t ed in Sec . VILA. The 
v a p o r bubb l e s o r i g i n a t i n g f r o m t h e s e c a v i t i e s expanded and went t h r o u g h the 
i n e r t i a l l y c o n t r o l l e d b u b b l e - g r o w t h p e r i o d in about 10" s ec in t h e s e t e s t s , 
and then they con t inued to g row whi le be ing l i m i t e d by t h e r m a l conduc t ion to 
the l i q u i d - v a p o r i n t e r f a c e of the bubble . The i n e r t i a l l y c o n t r o l l e d b u b b l e -
g rowth p e r i o d in t h e s e r u n s was d e t e r m i n e d by equa t ing the bubble r a d i u s 
d u r i n g i n e r t i a l l y d o m i n a t e d g rowth (Eq. 170) to the bubble r a d i u s d u r i n g t h e r ­
m a l l y d o m i n a t e d g r o w t h (Eq. 171). Th i s is i nd i ca t ed by the i n t e r s e c t i o n of the 
two g rowth c h a r a c t e r i s t i c s in F i g . 50, and it e s t a b l i s h e s the t r a n s i t i o n f r o m 
i n e r t i a l l y to t h e r m a l l y d o m i n a t e d bubble g rowth . The bubb l e s then con t inued 
to expand and p r e s s u r i z e the s y s t e m . The effect of the v o l u m e - p r o d u c t i o n 
r a t e wi th in the s y s t e m and the r a t e of v o l u m e e s c a p e f r o m the s y s t e m is t hen 
the c o n t r o l l i n g m e c h a n i s i n of the s y s t e m p r e s s u r e h i s t o r y whi le the fluid con ­
f igu ra t i on is one of v a p o r bubbles g rowing in a s u p e r h e a t e d l iquid . The p r o ­
p o s e d b u b b l e - g r o w t h blowdown m o d e l of Sec . III.D is b a s e d on th i s concep t , 
and it is i l l u s t r a t e d in m o r e d e t a i l a s fo l lows . 

The p r e d i c t i o n of the s y s t e m p r e s s u r e h i s t o r y in the b u b b l e - g r o w t h 
r e g i m e of b lowdown a s a funct ion of i n i t i a l l iquid s u p e r h e a t is shown in F i g . 61 , 
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In t h i s f i gu re , the i n i t i a l s u p e r h e a t of the l iquid a t the s t a r t of t h e b u b b l e -
g rowth p e r i o d of d e p r e s s u r i z a t i o n is v a r i e d f r o m 5 to 51°F for a d e c o m p r e s ­
s ion tha t s t a r t e d a t 290 p s i a and 414°F. In F i g . 61 a l l the p r e s s u r e h i s t o r i e s , 
r e g a r d l e s s of the i n i t i a l l iqu id s u p e r h e a t , a r e e s s e n t i a l l y c o i n c i d e n t for t ime 
g r e a t e r t han about 4 m s e c . Th i s i n d i c a t e s t ha t the s y s t e m p r e s s u r e h i s t o r y 
in the b u b b l e - g r o w t h r e g i m e of blowdown is n e a r l y i ndependen t of the in i t ia l 
l iquid s u p e r h e a t at the beg inn ing of t h i s p e r i o d of d e c o m p r e s s i o n for a given 
s y s t e m g e o m e t r y . 

In v iew of the fo rego ing point , we s h a l l c o n s i d e r the effect of the num­
b e r of po t en t i a l n u c l e a t i o n s i t e s p e r uni t s u r f a c e a r e a on the s y s t e m p r e s s u r e 
h i s t o r y for a given i n i t i a l l iquid s u p e r h e a t . F i g u r e 62 shows th i s effect for an 
in i t i a l s u p e r h e a t of 16°F, and the n u m b e r of n u c l e a t i o n s i t e s p e r uni t su r face 
a r e a f r o m i ts m a x i m u m va lue for a g iven d e p a r t u r e d i a m e t e r to 0.001 of its 
m a x i m u m n u m b e r . D e c r e a s i n g the n u m b e r of n u c l e a t i o n s i t e s d e c r e a s e s the 
p r e d i c t e d p r e s s u r e h i s t o r y . 
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Fig. 62. Comparison of the Predicted Internal Vessel Pressure His­
tories for Various Numbers of Nucleation Sites per Unit 
Surface Area for a Constant Initial Liquid Superheat by the 
Bubble-growth Blowdown Model. ANL Neg. No. 900-5520. 

T o i n d i c a t e t h e e f f e c t of t h e r e d u c e d n u m b e r of n u c l e a t i o n s i t e s p e r 
u n i t s u r f a c e a r e a s h o w n in F i g . 6 2 , F i g . 63 c o m p a r e s t h e p r e d i c t i o n s i n 
F i g . 62 t o t h e m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e h i s t o r y in t e s t 1. F i g u r e 64 
c o m p a r e s s i m i i l a r p r e d i c t i o n s f o r a r e d u c e d n u m b e r of n u c l e a t i o n s i t e s p e r 
u n i t s u r f a c e a r e a t o t h e m e a s u r e d s y s t e m p r e s s u r e h i s t o r y of t e s t 2 . In b o t h 
F i g s . 63 a n d 6 4 , t h e r a n g e of t h r e e o r d e r s of m a g n i t u d e of t h e m a x i m u m n u m ­
b e r of n u c l e a t i o n s i t e s p e r u n i t s u r f a c e a r e a a p p r o x i m a t e l y b r a c k e t s t h e m e a ­
s u r e d p r e s s u r e h i s t o r i e s . H o w e v e r , F i g s . 63 a n d 64 s h o w t h a t 1% of t h e 
m a x i m u m n u m b e r of n u c l e a t i o n s i t e s p e r u n i t s u r f a c e a r e a a p p e a r t o b e s t 
p r e d i c t t h e m e a s u r e d s y s t e m p r e s s u r e h i s t o r i e s . 
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\ ^MEASURED PRESSURE, P̂  

\ TEST 1 
^CALCULATED PRESSURE (TYP) P^(0) = 290 psio 

T„(0)=414F 

^Ts„p(0) = 16F 
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TIME, msec 

Fig. 63. Comparison of the Predicted Internal Vessel Pressure 
Histories by the Bubble-growth Blowdown Model for 
Various Numbers of Nucleation Sites per Unit Surface 
Area as Compared to the Measured Internal Vessel 
Pressure History in Test 1. ANL Neg. No. 900-5524. 
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Fig. 64. Comparison of the Predicted Internal Vessel Pressure 
Histories by the Bubble-growth Blowdown Model for 
Various Numbers of Nucleation Sites per Unit Surface 
Area as Compared to the Measured Internal Vessel 
Pressure History in Test 2. ANL Neg. No. 900-5521. 

Since the predicted p r e s s u r e h i s to r ies in Figs . 63 and 64 for 1% of the 
max imum number of nucleation si tes per unit surface a rea agree best with the 
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m e a s u r e d internal vesse l p r e s s u r e h i s to r i e s , those predict ions a r e further 
examined. The vapor volume within the sys tem during the decompress ion is 
given by 

Vy = V,j, - m v ^ . (191) 

w^here m is the measu red remaining m a s s inside the vesse l w^hose miagnitude 
p r imar i ly reflects the m a s s of the remaining liquid. The inferred vapor vol­
ume within the vesse l determined in this manner is shown in F igs . 65 and 66 
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Fig. 65. Comparison of the Inferred Vapor Volume in the 
Vessel in Test 1 and that Calculated by the Bubble-
growth Blowdown Model. ANL Neg. No. 900-5770. 
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Fig. 66. Comparison of the Inferred Vapor Volume in the 
Vessel in Test 2 and that Calculated by the Bubble-
growth Blowdown Model. ANL Neg. No. 900-5771. 
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for t e s t s 1 and 2. The p r e d i c t e d v a p o r v o l u m e wi th in the s y s t e m for 1% of the 
m a x i m u m n u m b e r of n u c l e a t i o n s i t e s p e r uni t s u r f a c e a r e a is c o m p a r e d to the 
i n f e r r e d v a p o r v o l u m e in F i g s . 65 and 66, and the c o m p a r i s o n is good. T h u s , 
the v a p o r - v o l u m e - p r o d u c i n g m e c h a n i s m wi th in the s y s t e m d u r i n g the e a r l y 
p e r i o d of the d e c o m p r e s s i o n a p p e a r s to be t h e r m a l l y d o m i n a t e d bubble g rowth 
in a s u p e r h e a t e d l iquid . 

F i g u r e s 67 and 68 show the p r e d i c t e d p r e s s u r e h i s t o r y and the c a l c u ­
l a t e d v o i d - f r a c t i o n h i s t o r i e s in the d o w n c o m e r a n n u l u s , i n t e r n a l s k i r t , and the 
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Fig. 6 7. Comparison of the Measured and Calculated Internal 
Vessel Pressure by the Bubble-growth Blowdown Model 
in Test 1. ANL Neg. No. 900-5507. 
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Fig. 68. Comparison of the Measured and Calculated Internal Vessel Pressure by 
the Bubble-growth Blowdown Model in Test 2. ANL Neg. No. 900-5538. 
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bulk void f r ac t i on in the v e s s e l for t e s t s 1 and 2 for 1% of the m a x i m u m num­
b e r of n u c l e a t i o n s i t e s p e r uni t s u r f a c e a r e a . S ince th i s a n a l y s i s only con­
s i d e r s bubble g rowth in a s u p e r h e a t e d l iqu id , it a p p l i e s only d u r i n g the per iod 
of timie tha t t h i s fluid con f igu ra t i on e x i s t s d u r i n g the d e c o m p r e s s i o n . Although 
the m a x i m u m void f r a c t i o n in a bubb ly fluid con f igu ra t i on wi thout bubble coales­
c e n c e is about 0 .7 , in p r a c t i c e °^"^°'' the bubbly fluid c o n f i g u r a t i o n is not s u s ­
t a i n e d beyond a void f r a c t i o n of about 0 . 3 - 0 . 4 . H e n c e , the p r e d i c t i o n s in 
F i g s . 67 and 68 a r e a p p l i c a b l e p r i m i a r i l y in the r a n g e of the void f r ac t i on in 
the d o w n c o m e r annu lus f r o m z e r o to about 0 . 3 . T h e s e p r e d i c t i o n s c o m p a r e 
we l l with the m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e h i s t o r i e s in t h i s e x p e r i m e n t . 
The void f r a c t i o n in the d o w n c o m e r annu lus is u s e d in d e t e r m i n i n g the m a s s 
flow r a t e s of the l iquid and v a p o r p h a s e s f r o m the s y s t e m , so it is the b e s t 
i n d i c a t o r of a f l o w - r e g i m e t r a n s i t i o n in th i s r e g i o n of the s y s t e m . 

F i g u r e s 69 -71 c o m p a r e the p r o p o s e d b u b b l e - g r o w t h b lowdown mode l 
to t h r e e CSE^'^ r u n s . T h e s e b lowdowns w e r e f r o m b o t t o m , m i d d l e , and top 
l o c a t i o n s of a v e s s e l in which the w a t e r w a s i n i t i a l l y s t a g n a n t . The only in­
t e r n a l s t r u c t u r e in the v e s s e l w a s a s i eve p l a t e s e p a r a t o r l o c a t e d about two-
t h i r d s of the way down ins ide the v e s s e l . The a r e a r a t i o a m o n g t h e s e runs 
r a n g e d by a f ac to r of about n ine . The b u b b l e - g r o w t h b lowdown m o d e l p red ic t s 
the m e a s u r e d p r e s s u r e r e s p o n s e of the s y s t e m v e r y w e l l in the r a n g e of i ts 
app l i cab i l i t y . 

F i g u r e 72 c o m p a r e s the p r e d i c t i o n s of the b u b b l e - g r o w t h m o d e l to the 
m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e h i s t o r y of B a t t e l l e - F r a n k f u r t ^ ^ run 13. 
Th i s w a s an u p p e r m i d d l e blowdown, and the p r e d i c t i o n s a g r e e wel l with the 
m e a s u r e d s y s t e m p r e s s u r e in the a p p l i c a b l e r a n g e of the m o d e l . 

The p r e d i c t e d and m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e h i s t o r i e s in one 
of U n g e r e r ' s t e s t s a r e shown in F ig . 73 . Th i s r u n w a s a b o t t o m blowdown, 
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Fig. 69. Comparison of the Measured and Predicted Pressure Histories by the Bubble-
growth Blowdown Model in BNWL Run 20."^^ ANL Neg. No. 900-5541 . 
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Fig. 70. Comparison of the Measured and Predicted Pressure 
Histories by the Bubble-growth Blowdown Model in 
BNWL Run 25."^^ ANL Neg. No. 900-5518. 

Fig. 71. Comparison of the Measured and Predicted Pressure 
Histories by the Bubble-growth Blowdown Model in 

BNWL Run 5 .-, 79 ANL Neg. No, 900-5540. 
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a n d t h e r e w a s n o s t r u c t u r e i n s i d e t h e v e s s e l . T h e n n e a s u r e d a n d c a l c u l a t e d 
p r e s s u r e h i s t o r i e s d u r i n g t h e b u b b l e - g r o w t h r e g i m e of d e c o m p r e s s i o n a r e 
e s s e n t i a l l y i d e n t i c a l t o a c a l c u l a t e d v o i d f r a c t i o n of a b o u t 0 . 2 , a n d t h e p r e s ­
s u r e s c o m p a r e w e l l t o a c a l c u l a t e d v o i d f r a c t i o n of a b o u t 0 . 3 , w h i c h i s a p ­
p r o x i m a t e l y t h e u p p e r l i m i t of a p p l i c a b i l i t y of t h e b u b b l e - g r o w t h b l o w d o w n 
m o d e l . 

T h e f o r e g o i n g c o m p a r i s o n s i n d i c a t e t h a t t h e p r o p o s e d b u b b l e - g r o w t h 
blowdow^n m o d e l p r e d i c t s t h e s y s t e m p r e s s u r e h i s t o r y d u r i n g d e c o m p r e s s i o n 
w e l l in t h e a p p l i c a b l e r a n g e of t h e m o d e l . 

T h e s y s t e m p r e s s u r e h i s t o r y d u r i n g t h e p e r i o d of d e c o m p r e s s i o n w h e n 
t h e p r e s s u r e i s m a i n t a i n e d b y b u b b l e g r o w t h i s d e p e n d e n t u p o n t h e a m o u n t of 

i n t e r n a l s u r f a c e a r e a a n d a l s o u p o n t h e s i z e 
of t h e e x i t f r o m t h e s y s t e m . F i g u r e 7 4 s h o w s 
t h a t t h e s y s t e m p r e s s u r e i s g r e a t e r f o r r e ­
d u c e d a r e a r a t i o s , t h e r a t i o of t h e e x i t f l ow 
a r e a t o t h e i n t e r n a l v e s s e l f l o w a r e a , f o r a 
g i v e n r a t i o of i n t e r n a l v e s s e l s u r f a c e a r e a 
t o i n t e r n a l v e s s e l v o l u m e ( S / V ) . T h e v o l ­
u m e of t h e v e s s e l e m p l o y e d in t h i s s t u d y i s 
u s e d f o r i l l u s t r a t i o n . T h e s y s t e m p r e s s u r e 
i s a l s o g r e a t e r f o r i n c r e a s e d S / V a t a g i v e n 
a r e a r a t i o . T h e s y s t e m p r e s s u r e i s m o r e 
s e n s i t i v e t o S / V a s t h e a r e a r a t i o i s i n ­
c r e a s e d , a n d t h e p r e s s u r e a l s o r e c o v e r s 

s l o w e r a s t h e a r e a r a t i o i s i n c r e a s e d a n d 
Fig. 74. Prediction of the Pressure History _,;,^ . , , _•• 

. . , , . . , „ . ^ S/ V i s d e c r e a s e d . T h e s y s t e m p r e s s u r e 
during the Initial Stage of Decom- ' ' J 
pression for the Proposed Bubble- ^^ t y p i c a l l y m o r e s e n s i t i v e t o S / V t h a n i t 
growth Blowdown Model. ANL i s t o t h e a r e a r a t i o . T h e s e t r e n d s a r e w h a t 
Neg. No. 900-5506. w o u l d b e i n t u i t i v e l y e x p e c t e d . 

T h e v o i d f r a c t i o n w i t h i n t h e s y s t e m a s s o c i a t e d w i t h t h e p r e d i c t e d p r e s ­
s u r e h i s t o r i e s in F i g . 7 4 i s i l l u s t r a t e d in F i g . 7 5 , w h i c h s h o w s t h a t t h e v o i d 
f r a c t i o n d e c r e a s e s d r a m a t i c a l l y a s t h e a r e a r a t i o i s r e d u c e d f o r a g i v e n S / V . 
T h e v o i d f r a c t i o n i n c r e a s e s a s S / V i s i n c r e a s e d f o r a g i v e n a r e a r a t i o , b u t 
t h e v o i d f r a c t i o n b e c o m e s l e s s d e p e n d e n t u p o n S / V a s t h e a r e a r a t i o i s r e ­
d u c e d . T h i s i s s i m i l a r t o t h e t r e n d in t h e p r e d i c t e d s y s t e m p r e s s u r e a t 
s m a l l e r a r e a r a t i o s , a s s h o w n in F i g . 7 4 . T h u s , t h e p r o p o s e d b u b b l e - g r o w t h 
b l o w d o w n m o d e l p r e d i c t s t h e p r o p e r t r e n d s in t h e s y s t e m i p r e s s u r e a n d v o i d 
f r a c t i o n a s a f u n c t i o n of t i m e , S / V , a n d a r e a r a t i o , a n d i t a l s o p r e d i c t s t h e 
p r o p e r m a g n i t u d e of t h e s y s t e m p r e s s u r e , a s i l l u s t r a t e d i n F i g s . 6 3 , 6 4 , a n d 
6 7 - 7 3 . 

T h e b u b b l e - g r o w t h b l o w d o w n m i o d e l w a s u s e d t o p r e d i c t t h e i n t e r n a l 
v e s s e l p r e s s u r e a n d v o i d - f r a c t i o n h i s t o r i e s d u r i n g t h e b u b b l e - g r o w t h r e g i m e 
of d e c o m p r e s s i o n of a P W R v e s s e l s t a r t i n g f r o m 2 2 5 0 p s i a a n d 5 7 5 ° F . T h e 
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b r e a k w a s c o n s i d e r e d to be an i n s t a n t a n e o u s , d o u b l e - e n d e d , gu i l lo t ine r u p t u r e 
in an in le t coo lan t l ine of 2 7 . 5 - i n . i n s i d e d i a n a e t e r . The i n t e r n a l v e s s e l p r e s ­
s u r e in t h i s r e g i m e of b lowdown w a s e s s e n t i a l l y i ndependen t of the i n i t i a l 
l iquid s u p e r h e a t , a s shown in F i g . 6 1 . It h a s a l s o been shown in F i g s . 63 and 
64 tha t the p r e s s u r e h i s t o r y tha t b e s t p r e d i c t s the m e a s u r e m e n t s in t h i s study-
is the one in which 1% of the m a x i m u m n u m b e r of n u c l e a t i o n s i t e s p e r unit 
s u r f a c e a r e a a r e c o n s i d e r e d to be a c t i v e . Th i s i s a s s u m e d to a l s o be c h a r a c ­
t e r i s t i c of a P W R - v e s s e l b lowdown. 
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Fig. 75. Prediction of the Void Fraction during the Initial Stage 
of Decompression for the Proposed Bubble-growth Blow-
down Model. ANL Neg. No. 900-5528. 

F i g u r e 76 s h o w s t h e p r e d i c t e d p r e s s u r e a n d v o i d - f r a c t i o n h i s t o r i e s 
d u r i n g t h e b u b b l e - g r o w t h p e r i o d of d e c o m p r e s s i o n of a f u l l - s i z e P W R v e s s e l 
f o r a n i n i t i a l l i q u i d s u p e r h e a t of 1 7 ° F . T h e p r e d i c t e d i n t e r n a l v e s s e l p r e s ­
s u r e i n i t i a l l y d e c r e a s e s b e c a u s e m o r e v o l u m e i s e s c a p i n g f r o m t h e s y s t e m 
t h a n i s b e i n g p r o d u c e d w i t h i n t h e s y s t e m . T h e s y s t e m p r e s s u r e c o n t i n u e s to 
d e c r e a s e u n t i l s u f f i c i e n t l i q u i d s u p e r h e a t i s g e n e r a t e d s o t h a t t h e r a t e of 
v a p o r - v o l u m e p r o d u c t i o n w i t h i n t h e s y s t e m b e c o m e s e q u a l t o t h e e s c a p e r a t e 
of f l u id v o l u m e f r o m t h e s y s t e m . T h e i n t e r n a l v e s s e l p r e s s u r e t h e n r e a c h e s 
a r e l a t i v e m i n i m u m , a n d i t s u b s e q u e n t l y i n c r e a s e s b e c a u s e m o r e v a p o r v o l ­
u m e i s b e i n g g e n e r a t e d w i t h i n t h e s y s t e m t h a n t h e r e i s f l u i d v o l u m e e s c a p i n g 
f r o m t h e s y s t e m . T h e i n t e r n a l v e s s e l p r e s s u r e d u r i n g t h i s p e r i o d of b l o w d o w n 
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then i n c r e a s e s a t a d e c r e a s i n g r a t e b e c a u s e the l iquid s u p e r h e a t d e c r e a s e s a s 
the s y s t e m p r e s s u r e a p p r o a c h e s the s a t u r a t i o n p r e s s u r e . The t i m e r e q u i r e d 
for the i n t e r n a l v e s s e l p r e s s u r e to r e c o v e r i s m o r e s e n s i t i v e to S/V than it 
is to the a r e a r a t i o , a s shown in F i g . 74. The void f r a c t i o n in the r e g i o n of 
the P W R v e s s e l i n s ide the c o r e b a r r e l is the g r e a t e s t , a s s e e n in F i g . 76. 
T h u s , a PWR s y s t e m wi l l p r o b a b l y not e x p e r i e n c e a n o n u n i f o r m flow r e g i m e 
in s ide the v e s s e l d u r i n g b lowdown a s w a s the c a s e in t h i s i n v e s t i g a t i o n ; r a t h e r , 
the fluid in the v e s s e l wi l l p r o b a b l y d e p r e s s u r i z e in a n e a r l y h o m o g e n e o u s 
m a n n e r . 
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compression of a PWR Vessel from the Bubble-growth Blowdown Model. ANL Neg. No. 900-75-800. 

T h i s b u b b l e - g r o w t h a n a l y s i s c a n b e a p p l i e d t o e a c h s e c t o r w i t h i n a 
s y s t e m i w h i l e k e e p i n g t r a c k of t h e l o c a l v o i d f r a c t i o n in e a c h v o l u m e of t h e 
s y s t e m . O n c e t h e t r a n s i t i o n f r o m a b u b b l y t o a d i s p e r s e d f l u i d c o n f i g u r a t i o n 
t a k e s p l a c e i n a g i v e n s e c t o r of t h e s y s t e m , t h e v a p o r i z a t i o n of t h e s u p e r ­
h e a t e d l i q u i d d r o p l e t s w o u l d t h e n b e t h e o n l y r e m i a i n i n g m e c h a n i s m t o s u s t a i n 
t h e p r e s s u r e i n t h a t v o l u m e of t h e s y s t e m . T h i s b u b b l e - g r o w t h b l o w d o w n 
m o d e l c a n a l s o b e u s e d t o p r e d i c t t h e d e c o i n p r e s s i o n c h a r a c t e r i s t i c s in t h e 
b u b b l e - g r o w t h r e g i m e of d e p r e s s u r i z a t i o n i n a n i n i t i a l l y n o n i s o t h e r m a l s y s ­
t e m a s w e l l a s i n a n i n i t i a l l y i s o t h e r m a l s y s t e m . 
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When the fluid c o n f i g u r a t i o n in a g iven v o l u m e of a s y s t e m c h a n g e s 
f r o m bubb le s expand ing in a s u p e r h e a t e d l iquid t o w a r d tha t of d i s p e r s e d super ­
h e a t e d l iquid d r o p l e t s e n t r a i n e d in the v a p o r p h a s e , t h e r m o d y n a m i c equi l ib r ium 
is c l o s e l y a p p r o a c h e d , and a d e c r e a s e in p r e s s u r e i s r e q u i r e d to supp ly addi­
t i o n a l fluid v o l u m e to the sys temi . Th i s can be shown by c o n s i d e r i n g the spe­
cif ic v o l u m e of the r e m a i n i n g fluid: 

V 
^ = Vv(P)x + V L ( P ) ( 1 - x) 
m ' V 

(192) 

If the r e m a i n i n g fluid i s a s s u m e d to expand i s e n t r o p i c a l l y , t he fluid quality-

b e c o m e s 

s. - s ^ ( P ) 

' V L (P) • 
(193) 

It is ev iden t f r o m E q s . 78 and 79 tha t , s i nce the r e m a i n i n g m a s s wi th in a sys ­
t e m d e c r e a s e s d u r i n g blowdown, the s y s t e m p r e s s u r e m u s t a l s o d e c r e a s e in 
o r d e r to i n c r e a s e the spec i f i c v o l u m e of the r e m a i n i n g fluid wi th in the sys tem. 

The p r o p o s e d d i s p e r s e d - r e g i m e b lowdown m o d e l ( see S e c . III .E) is 
c o m p a r e d to the m e a s u r e d p r e s s u r e h i s t o r i e s d u r i n g the d i s p e r s e d r e g i m e of 
blowdown of B N W L ' ' ^ r u n s 20, 25, and 52 in F i g s . 77 -79 and in the B a t t e l l e -
F r a n k f u r t ' ^ r u n 13 in F i g . 80. T h e s e b lowdowns w e r e f r o m top , m i d d l e , and 
b o t t o m e x h a u s t p o r t s , and the a r e a r a t i o in t h e s e t e s t s r a n g e d by a fac tor of 
about f ive. The d i s p e r s e d - m o d e l p r e d i c t i o n s c o m p a r e w e l l wi th the m e a s u r e d 
i n t e r n a l v e s s e l p r e s s u r e h i s t o r i e s a s shown in F i g s . 7 7 - 8 0 . Th i s is p a r t i c u ­
l a r l y no t ewor thy c o n s i d e r i n g tha t the m o d e l a s s u m e s a c o m p l e t e l y d i s p e r s e d 
fluid, and tha t t h e s e b lowdowns w e r e f r o m b o t t o m , m i d d l e , and top exhaus t ports 
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Fig. 79. Comparison of the Dispersed-regime Blowdown Model to the 
Data of BNWL Run 52."^^ ANL Neg. No. 900-5540 Rev. 1. 
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of a v e s s e l t h a t i n f l u e n c e s p h a s e s e p a r a t i o n d u r i n g b l o w d o w n . A l s o , t h e 
d i s p e r s e d - r e g i m e b l o w d o w n m o d e l i s b a s e d o n l y on s i m p l e t h e r m o d y n a m i c s , 
a n d i t p r e d i c t s t h e m e a s u r e m e n t s f a i r l y w e l l . T h e m o d e l p r e d i c t s t h e t o p 
b l o w d o w n r e s u l t s s o m e w h a t b e t t e r t h a n t h e m i d d l e a n d b o t t o m d e c o m p r e s s i o n 
d a t a ( s e e F i g s . 79 a n d 8 0 ) , w h i c h i n d i c a t e s t h a t t h e f l u i d i n t h e v e s s e l w a s 
p r o b a b l y m o r e n e a r l y a h o m o g e n e o u s e q u i l i b r i u m m i x t u r e i n t h e t o p b l o w d o w n 
c a s e . T h i s i s p h y s i c a l l y r e a s o n a b l e b a s e d on v i s u a l o b s e r v a t i o n s of b l o w d o w n 
in g l a s s v e s s e l s . ^ ^ ' ^ ^ 

F i g u r e 81 c o m p a r e s t h e c o m b i n e d p r e s s u r e - h i s t o r y p r e d i c t i o n s f r o m 
t h e s u b c o o l e d , b u b b l e - g r o w t h , a n d d i s p e r s e d - r e g i m e b l o w d o w n m o d e l s t o the 
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Fig. 81. Comparison of the Subcooled, Bubble-growth, and Dispersed Blowdown Models to the 
Measured Pressure in the Battelle-Frankfurt Run 13.'̂ '̂  ANL Neg. No. 900-75-97. 



125 

mieasu red i n t e r n a l v e s s e l p r e s s u r e h i s t o r y of B a t t e l l e - F r a n k f u r t ^ ^ r u n 13. 
The c o m p a r i s o n is r e a s o n a b l y good, even though the p r e d i c t i o n s d e v i a t e s o m e ­
what f r o m the m e a s u r e m e n t s at about 25 m s e c . Th i s is a t t r i b u t e d to d i s s o l v e d 
gas coming out of so lu t ion . 

F i g u r e 82 shows the p r o p o s e d m a n n e r in which the l iquid and v a p o r 
p h a s e s w e r e con f igu red ins ide the blowdown v e s s e l d u r i n g the d e c o m p r e s s i o n s 
r e p o r t e d in t h i s s tudy. In the e a r l y s t age of the blowdown, 0 < t ^ 100 m s e c , 
the d e c r e a s e in the s y s t e m p r e s s u r e be low the in i t i a l s a t u r a t i o n p r e s s u r e 
a c t i v a t e d the l a r g e s t r e m a i n i n g unf looded s u r f a c e c a v i t i e s . S ince t h e r e w e r e 
po ten t i a l l y m a n y m o r e s u r f a c e c a v i t i e s p e r uni t v o l u m e in the d o w n c o m e r 
annulus r e g i o n of the v e s s e l than a n y w h e r e e l s e in the s y s t e m , m o s t of the 
e x c e s s v a p o r v o l u m e in i t i a l ly g e n e r a t e d wi th in the v e s s e l w a s in t h i s r e g i o n . 
The b u b b l e - g r o w t h a n a l y s i s s u p p o r t s t h i s , a s i nd ica t ed by the void f r a c t i o n in 
the d o w n c o m e r annu lus a s c o m p a r e d to the void f r a c t i o n in the i n t e r n a l s k i r t 
a s shown in F i g s . 67 and 68. The bubb le s o r i g i n a t i n g f r o m t h e s e c a v i t i e s e x ­
panded and supp l i ed a d d i t i o n a l v a p o r v o l u m e to the s y s t e m , wh ich f o r c e d the 
i n t e r n a l v e s s e l p r e s s u r e to p a r t i a l l y r e c o v e r ( see F i g s . 67 and 68); h o w e v e r , 
m a n y of t h e s e expanding bubb l e s w e r e swept out of the v e s s e l wi th the i n i t i a l 
fluid e x h a u s t e d f r o m the d o w n c o m e r a n n u l u s . The fluid con f igu ra t i on in the 
d o w n c o m e r annu lus changed f r o m bubbly to n e a r l y d i s p e r s e d by about 100 m s e c , 
and th i s t hen only left the g rowing bubb le s on the in s ide of the i n t e r n a l s k i r t 
wal l to m a i n t a i n the s y s t e m p r e s s u r e . Once the d o w n c o m e r annu lus w a s i n i ­
t i a l l y n e a r l y vo ided , the vapo r l a y e r on the i n s ide wa l l of the s k i r t could have 
been swept into the d o w n c o m e r annu lus a long with d i s p e r s e d l iquid f r o m the 
i n t e r i o r of the i n t e r n a l s k i r t r e g i o n . 
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Fig. 82. Cross Section of the Blowdown Vessel Illustrating the Proposed Flow Regimes inside the Ves­
sel during the Various Stages of Decompression in These Tests. ANL Neg. No. 900-5110 Rev. 1. 
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F i g u r e s 52 and 53 show tha t the i n t e r n a l v e s s e l p r e s s u r e did not 
immied ia te ly d e c r e a s e once the d o w n c o m e r a n n u l u s had i n i t i a l l y b e e n voided; 
r a t h e r , the p r e s s u r e r e m a i n e d n e a r l y c o n s t a n t for about 100 :£ t ^ 600 nnsec. 
Dur ing th i s p e r i o d , the s m a l l e r n u m b e r of v a p o r b u b b l e s p e r un i t v o l u m e in­
s ide the i n t e r n a l s k i r t w e r e g rowing by c o n d u c t i o n - c o n t r o l l e d e n e r g y t r a n s f e r 
f r o m the s u p e r h e a t e d l iquid in tha t r e g i o n , p r o v i d i n g a d d i t i o n a l v a p o r volume 
to the s y s t e m to m a i n t a i n the p r e s s u r e . By about 600 m s e c , the fluid ins ide 
the i n t e r n a l s k i r t r e g i o n p r o b a b l y a p p r o a c h e d a d i s p e r s e d m i x t u r e of l iquid 
and v a p o r , a s i nd i ca t ed in F i g s . 56 and 57. Th i s is a l s o i n d i c a t e d by the 
b u b b l e - g r o w t h a n a l y s i s . When the p r e d i c t i o n s shown in F i g s . 67 and 68 a r e 
con t inued to when the fluid con f igu ra t i on in the i n t e r n a l s k i r t c h a n g e s f rom 
bubbly to d i s p e r s e d ( i . e . , a t a void f r a c t i o n of about 0.4), t h i s t r a n s i t i o n oc ­
c u r s at 500-700 m s e c . Once the r e m a i n i n g fluid wi th in the i n t e r n a l s k i r t had 
b e c o m e a d i s p e r s e d , t w o - p h a s e , l i q u i d - v a p o r m i x t u r e (at 0.6 ^ t ^ 2.0 sec) , 
the sys temi p r e s s u r e b e g a n to d e c r e a s e in a n e a r l y t h e r m o d y n a m i c equ i l ib ­
r i u m m a n n e r ( see F i g s . 56 and 57). 

The n e a r l y t h e r m o d y n a m i c e q u i l i b r i u m cond i t ions for the p r e s s u r e 
and t e m p e r a t u r e of the r e m a i n i n g fluid, shown in F i g s . 52 and 53 , w e r e r e ­
c o r d e d n e a r the i n s i d e wa l l of the s k i r t , a s shown in F i g s . 4, 8, 9, 12, and 13. 
L o c a l the rm-odynamic e q u i l i b r i u m cond i t ions could n e a r l y have e x i s t e d nea r 
the w a l l s w h e r e the vapo r p h a s e w a s be ing g e n e r a t e d , which i s a l s o w h e r e the 
i n s t r u m e n t a t i o n w a s l oca t ed , whi le the bulk of the i n t e r i o r of the i n t e r n a l skir t 
would have r e m a i n e d a s s u p e r h e a t e d l iquid . The t h e r m o c o u p l e s t h e m s e l v e s 
p r o b a b l y behaved as nuc l ea t i on s u r f a c e s and , h e n c e , prom.oted the fo rma t ion 
of the vapo r p h a s e f r o m t h e i r s u r f a c e s . Th i s is why it is so diff icult to a s c e r ­
t a in a s u p e r h e a t e d l iquid s t a t e with a t h e r m o c o u p l e tha t can i t s e l f p r o m o t e the 
l o c a l a p p r o a c h to a t h e r m o d y n a m i c e q u i l i b r i u m s t a t e . 

F i g u r e s 83 and 84 show tha t the d i f f e r ence b e t w e e n the i n i t i a l s t agna­
t ion t e m i p e r a t u r e and the a v e r a g e v e s s e l - w a l l t e m p e r a t u r e a f t e r the d e c o m ­
p r e s s i o n s had ended w a s a p p r o x i m a t e l y the s a m e in both t e s t s . This indicates 
tha t , r e g a r d l e s s of the in i t i a l s t agna t ion t e m p e r a t u r e of the t e s t , approx imate ly 
the s a m e to t a l a m o u n t of t h e r m a l e n e r g y w a s r e m o v e d f r o m the v e s s e l s t r u c ­
t u r e du r ing the d e c o m p r e s s i o n . Only about 3385 Btu in t e s t 1 and 3690 Btu in 
t e s t 2 w e r e remioved f r o m the v e s s e l . In l ight of the p r e v i o u s s e m i - i n f i n i t e -
s lab c a l c u l a t i o n ( see Eq. 68) and the fact tha t m o s t of the t e m p e r a t u r e de ­
c r e a s e of the v e s s e l s t r u c t u r e o c c u r r e d v e r y l a t e in the d e c o m p r e s s i o n , this 
i n d i c a t e s tha t m o s t of the h e a t r e m o v e d f r o m the v e s s e l was t r a n s f e r r e d after 
the m a j o r p o r t i o n of the blowdown had ended . 

The foregoing b u b b l e - g r o w t h a n a l y s i s h a s shown tha t the r e m a i n i n g 
fluid wi th in a s y s t e m wi l l s e l e c t a s u p e r h e a t to m a i n t a i n the s y s t e m p r e s s u r e 
n e a r l y cons t an t du r ing the in i t i a l p e r i o d of a d e c o m p r e s s i o n when vapo r bubbles 
a r e expanding in a s u p e r h e a t e d l iquid. The s i z e of a g rowi ng s p h e r i c a l bubble 
in the t h e r m a l l y d o m i n a t e d g rowth r e g i m e is g iven by Eq . 171. The m o r e po­
t e n t i a l l y ac t ive the nuc l ea t i on s i t e s a v a i l a b l e , the s m a l l e r would be the required 



127 

420 

4-
400hi 

7 Q n l _ ' "> '« , 380h I uâ , 
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s u p e r h e a t to supp ly the s a m e e x c e s s v a p o r v o l u m e t o the s y s t e m to m a i n ­
t a in the i n t e r n a l v e s s e l p r e s s u r e n e a r l y c o n s t a n t ; h e n c e , t he m o r e n e a r l y 
would the fluid a p p r o a c h a t h e r m o d y n a m i c e q u i l i b r i u m s t a t e . 

If the systemi p r e s s u r e is g r e a t e r t han tha t d i c t a t e d by the ne t effect 
of the v o l u m e - p r o d u c t i o n r a t e wi th in the s y s t e m and the v o l u m e - l o s s r a t e 
f r o m the s y s t e m , the s u p e r h e a t would be s m a l l e r and the g r o w t h of the ex is t ­
ing bubb le s would d e c r e a s e ( see Eq. 171). T h e r e f o r e , the r a t e of v a p o r -
v o l u m e p r o d u c t i o n would d e c r e a s e , and the s y s t e m p r e s s u r e would a l s o d e c r e a s e . 
The i n v e r s e w^ould o c c u r if the p r e s s u r e w^ere too low. H e n c e , the p r e s s u r e 
h i s t o r y in a s y s t e m d u r i n g the p e r i o d of e x p a n s i o n of v a p o r b u b b l e s in a super­
h e a t e d l iquid is a s e l f - r e g u l a t i n g p a r a m e t e r for a g iven i n t e r n a l nuc l ea t i on -
s i t e s u r f a c e a r e a p e r uni t i n t e r n a l v o l u m e and e x h a u s t flow a r e a . 

B a s e d on the fo rego ing r e m a r k s , s o m e g e n e r a l i z a t i o n s can be m a d e 
as to the effect of the i n t e r n a l v e s s e l g e o m e t r y on the s y s t e m p r e s s u r e h i s to ry 
du r ing the bubble-gro-wth r e g i m e of b lowdown. 

(1) F o r a s m a l l a r e a r a t i o and a l a r g e S /V, the s y s t e m p r e s s u r e will 
r e c o v e r to n e a r l y the bulk s a t u r a t i o n p r e s s u r e and wi l l t hen soon s t a r t to de­
c r e a s e . The a m o u n t of i n t e r n a l v e s s e l s u r f a c e a r e a i s an i n d i c a t i o n of the 
n u m b e r of i n i t i a l l y p o t e n t i a l l y a c t i v e s u r f a c e c a v i t i e s . A l a r g e n u m b e r of 
s u r f a c e c a v i t i e s would supp ly c o n s i d e r a b l e e x c e s s v a p o r v o l u m e to the r e ­
m a i n i n g fluid d u r i n g a blowdown to k e e p up the s y s t e m p r e s s u r e . Once mos t 
of the c a v i t i e s have b e e n a c t i v a t e d and the v a p o r b u b b l e s a r e in the p r o c e s s 
of g rowing , not m u c h s u p e r h e a t i s r e q u i r e d to con t inue t h e i r g rowth , and the 
r e m a i n i n g fluid n e a r the s u r f a c e a p p r o a c h e s l o c a l t h e r m o d y n a m i c equ i l ib r ium 
cond i t i ons . When the fluid c o n f i g u r a t i o n i n s ide the s y s t e m c h a n g e s f r o m bub­
b l e s expanding in a s u p e r h e a t e d l iquid t o w a r d tha t of d i s p e r s e d s u p e r h e a t e d 
l iquid d r o p l e t s e n t r a i n e d in the v a p o r p h a s e , a d e c r e a s e in the s y s t e m p r e s -
by E q s . 192 and 193. As the a r e a r a t i o i s r e d u c e d , and c o n s e q u e n t l y the 
to ta l blowdown t i m e is i n c r e a s e d , g r a v i t y should e v e n t u a l l y b e c o m e a s ig ­
nif icant f a c t o r , and the l iquid and v a p o r p h a s e s w i l l beg in to s e p a r a t e in the 
blowdown v e s s e l d u r i n g the d e c o m p r e s s i o n . 

(2) F o r a s m a l l a r e a r a t i o and a s m a l l S / v , the s y s t e m p r e s s u r e 
wil l r e c o v e r , but not as far a s in the c a s e of s m a l l a r e a r a t i o and l a r g e S/V. 
Once u n s t a b l e bubble g rowth b e g i n s , a l a r g e r s u p e r h e a t would be r e q u i r e d 
to supply the s a m e e x c e s s vapo r v o l u m e to the s y s t e m than in the foregoing 
c a s e . A l s o , t h e r e would p o s s i b l y be r e m a i n i n g fluid, i n s i d e the s y s t e m away 
f r o m s t r u c t u r e , tha t would be l o c a l l y s u p e r h e a t e d and would r e m a i n in th is 
s t a t e for a l onge r p e r i o d of t i m e than in the c a s e of l a r g e r S /V. This is the 
c a s e in s o m e of U n g e r e r ' s r e su l t s . ^^ 

(3) F o r the c a s e of a l a r g e a r e a r a t i o and a l a r g e S /V, the s y s t e m 
p r e s s u r e wil l r e c o v e r , but not a s far a s in the s m a l l - a r e a - r a t i o , l a r g e - S / V 
c a s e . Since the po ten t i a l n u m b e r of s u r f a c e c a v i t i e s is l a r g e , t h e r m o d y n a m i c 
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e q u i l i b r i u m wi l l p r o b a b l y n e a r l y e x i s t once the i n i t i a l p r e s s u r e r e c o v e r y 
o c c u r s , and the s y s t e m p r e s s u r e wi l l soon d e c r e a s e in o r d e r to p r o d u c e 
add i t i ona l fluid v o l u m e wi th in the s y s t e m . 

(4) F o r a l a r g e a r e a r a t i o and a s m a l l S /V, the s y s t e m p r e s s u r e wi l l 
r e c o v e r to a l o w e r va lue t han in the l a r g e - a r e a - r a t i o , l a r g e - S / V c a s e . Th i s 
s i tua t ion wi l l a l s o r e q u i r e a l a r g e r s u p e r h e a t to supp ly the s a m e e x c e s s v a p o r 
vo lume wi th in the systemi t h a n in the l a r g e - S / V c a s e . The s m a l l e r po t en t i a l 
n u m b e r of s u r f a c e c a v i t i e s wi l l p r o b a b l y l e ave l o c a l s e c t o r s of s u p e r h e a t e d 
l iquid ex i s t ing in the s y s t e m for a l o n g e r t i m e t h a n in the l a r g e - S / V c a s e . 
This is the c a s e in the e x p e r i m e n t a l r e s u l t s f r o m t h i s i n v e s t i g a t i o n , and it 
is a l s o the c a s e in the r e s u l t s of so ine of the CSE tests, ' ' '" ' ' ' ' ' U n g e r e r ' s tests,^ '^ 
the R o s a tes t s ,^^ the B a t t e l l e - F r a n k f u r t t e s t s , ^ ° and the J a p a n e s e tes t s .^^ The 
foregoing t r e n d s a r e c l e a r l y i l l u s t r a t e d in F i g . 74. H e n c e , the s y s t e m g e o m ­
e t r y does s ign i f i can t ly effect the sys temi p r e s s u r e h i s t o r y d u r i n g d e c o m p r e s s i o n . 
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C. Effec t of the I n t e r n a l V e s s e l G e o m e t r y on the Blowdown 

1. D e t e c t i o n of I n t e r n a l Choking 

An eva lua t i on of c o m p r e s s i b l e flow i n s i d e the b lowdown v e s s e l was 
m a d e by c o m p a r i n g the o b s e r v e d p r e s s u r e s P5, P^, and Pg a t l o c a t i o n s given in 
F i g s . 8, 9, and 12. If i n t e r n a l choking had o c c u r r e d at the a r e a e n l a r g e m e n t in 
the d o w n c o m e r a n n u l u s , P^ would h a v e only b e e n about 75% of Pg b e c a u s e of the 
r e q u i r e d fluid a c c e l e r a t i o n in the a p p r o a c h to the choking l o c a t i o n . In addition, 
if the flow w a s choked at the a r e a e n l a r g e m e n t , P5 m a y not n e c e s s a r i l y have 
been l e s s than P^,. Th i s would h a v e d e p e n d e d upon the b a c k p r e s s u r e to the area 
e n l a r g e m e n t , P j , which w a s the e n t r a n c e p r e s s u r e to the e x h a u s t duc t . Hence, 
the p r e s s u r e s P^ and Pg p r o v i d e d the m o s t s e n s i t i v e and r e l i a b l e a s s e s s m e n t of 
po t en t i a l choking a t the a r e a e n l a r g e m e n t , and if P5 w a s s ign i f i can t ly l e s s than 
P^, t h i s would s i m p l y ve r i fy t h a t the flo^v w^as choked at th i s l oca t ion . Since 
only a s m a l l p r e s s u r e d r o p w^as d e t e c t e d f r o m l o c a t i o n s 8 to 6, i t w a s concluded 
tha t i n t e r n a l choking did not o c c u r a t the a r e a e n l a r g e m e n t in the downcomer 
annulus be tween l o c a t i o n s 6 and 5. Th i s i s i n d i c a t e d in F i g s . 35 and 86, where 
P5 and P^, a r e c o m p a r e d to the l o w e r i n t e r n a l s k i r t p r e s s u r e Pg. F r o m a one-
d i m e n s i o n a l v iewpoint , th i s i s not s u r p r i s i n g , s i nce the m i n i m u m flow a r e a in 
the v e s s e l w a s in the e x h a u s t duct . The flow a r e a in the d o w n c o m e r annulus 
w a s about 2.5 timies a s l a r g e as the e x h a u s t - d u c t flow a r e a . In F i g . 85, P5 and 
P^ da ta a r e not p r e s e n t e d p a s t 6OO m s e c b e c a u s e of r e c o r d i n g - i n s t r u m e n t fa i lure . 
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F i g u r e s 87 and 88 show tha t , c o n s i s t e n t wi th the n o - c h o k i n g o b s e r ­
va t ion at the i n t e r n a l f l o w - a r e a e n l a r g e m e n t , t h e r e was only a s m a l l p r e s s u r e 
g r a d i e n t up the d o w n c o m e r annu lus in the a p p r o a c h to the f l o w - a r e a e n l a r g e ­
m e n t . In t h e s e f i g u r e s , P9-P12 a r e c o m p a r e d to the a v e r a g e i n t e r n a l s k i r t 
p r e s s u r e yPg. All p r e s s u r e - t a p l o c a t i o n s a r e defined in F i g s . 8, 9, and 12. 
This showed tha t the fluid w a s not a p p r e c i a b l y c o m p r e s s i b l e at the f l o w - a r e a 
e n l a r g e m e n t n o r up the d o w n c o i n e r annu lus in the a p p r o a c h to the a r e a 
e n l a r g e m e n t . 
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Fig. 88. Pressures up the Downcomer Annulus in 
Test 2. ANL Neg. No. 900-5087. 

T h e o b s e r v a t i o n of s m a l l p r e s s u r e d i f f e r e n c e s i n s i d e t h e v e s s e l 
n o t e d i n F i g s . 8 5 - 8 8 w a s c o m m o n t h r o u g h o u t t h e s y s t e m . An o v e r a l l d e n a o n -
s t r a t i o n of t h e e f f e c t t h e i n t e r n a l v e s s e l g e o m e t r y h a d o n t h e p r e s s u r e H i s t r i -
b u t i o n i n s i d e t h e v e s s e l d u r i n g t h e d e c o m p r e s s i o n i s s h o w n i n F i g . 8 9 , w h i c h 
c o m p a r e s t h e p r e s s u r e i m m e d i a t e l y u p s t r e a m a n d o n t h e c e n t e r l i n e of t h e 
e x h a u s t d u c t , P j , w i t h t h e a v e r a g e i n t e r n a l s k i r t p r e s s u r e ^Pg i n t e s t 2 . I n 
t e s t 1, t h e p r e s s u r e s i g n a l P i w a s u n a v a i l a b l e . T h i s c o m p a r i s o n i n d i c a t e s 
t h a t a l l t h e r e m a i n i n g f l u i d w i t h i n t h e v e s s e l e x p e r i e n c e d n e a r l y t h e s a m e 
i n s t a n t a n e o u s p r e s s u r e d u r i n g t h e b l o w d o w n . T h i s i s c o n s i s t e n t w i t h t h e e x ­
p e r i m e n t a l o b s e r v a t i o n s i n d i c a t e d i n Ref . 8 1 . 

2 . E x t e r n a l C h o k i n g 

A l t h o u g h t h e f l o w w a s n o t c h o k e d i n t e r n a l l y , i t w a s d e f i n i t e l y c h o k e d 

a t t h e e x i t p l a n e of t h e e x h a u s t d u c t . F i g u r e 90 s h o w s a s i d e v i e w of t h e e x h a u s t 

p l a n e i n t e s t 2 v e r y e a r l y i n t h e d e c o m p r e s s i o n . T e s t 2 w a s s t a r t e d a ' 4 0 2 p s i a 
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and 445°F, and the in i t i a l l y con ta ined fluid m a s s w a s 279 Ib^^. T h i s photograph 
w a s t aken about 25 nasec a f te r the s t a r t of the d e p r e s s u r i z a t i o n , at which t ime 
the u p s t r e a m p r e s s u r e had d e c r e a s e d to about 320 p s i a , the exi t p r e s s u r e was 
about 260 p s i a , and the u p s t r e a m i s e n t r o p i c fluid qua l i ty w a s about 0 .031 . To 
ind ica t e s i ze in F i g . 90, the ou t s i de d ianae te r of the u n i n s u l a t e d p o r t i o n of the 
exhaus t duct is 6.69 in . , and the i n s ide d i a m e t e r i s 4 .257 in. The v e r y rap id 
expans ion at the e x h a u s t p l a n e , which i s c h a r a c t e r i s t i c of choking at t ha t loca­
t ion, can c e r t a i n l y be s e e n in the f i gu re . Mot ion p i c t u r e s of the exi t p lane 
du r ing the d e p r e s s u r i z a t i o n i n d i c a t e d tha t fully deve loped c r i t i c a l flow was 
e s t a b l i s h e d a t the exi t of the e x h a u s t duc t in about 25 m s e c . The mo t ion p i c ­
t u r e s of the exhaus t p lane t o g e t h e r wi th the m e a s u r e d c r i t i c a l - p r e s s u r e - r a t i o 
h i s t o r i e s i nd ica t ed tha t the flow w a s choked at the exi t p l ane for at l e a s t the 
f i r s t 1.75 sec of the n e a r l y 2.5 s e c - d e c o m p r e s s i o n s . 
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Fig. 90. Choking at the Exhaust Plane in Test 2. 
ANL Neg. No. 900-4586A. 

3 . I n t e r n a l F l o w R e g i m e s 

T h e i n t e r n a l v e s s e l g e o m e t r y d i d s i g n i f i c a n t l y a f f e c t t h e f low 
r e g i m e s g e n e r a t e d i n s i d e t h e v e s s e l d u r i n g t h e d e c o m p r e s s i o n ( s e e F i g . 82) . 
T h e f i r s t i n d i c a t i o n of t h i s w a s o b s e r v e d i n t h e m a s s - d e c a y h i s t o r i e s i n 
F i g s . 54 a n d 5 5 . E a r l y i n t h e d e p r e s s u r i z a t i o n , t h e s l o p e of t h e m a s s - d e c a y 
h i s t o r y w a s r e l a t i v e l y s t e e p , b u t i t d e c r e a s e d s i g n i f i c a n t l y w i t h i n c r e a s i n g t ime . 
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If ( l ) the fluid r e m a i n i n g wi th in the v e s s e l w a s a s s u m e d to a lways 
be u n i f o r m l y d i s t r i b u t e d , (2) the m e a s u r e d u p s t r e a m p r e s s u r e h i s t o r y , 2P3 in 
t e s t 1 and P j in t e s t 2, w a s u s e d , (3) the c o n t e n t s r e m a i n i n g wi th in the v e s s e l 
w e r e a s s u m e d to expand in an i s e n t r o p i c m a n n e r : 

S L [ T O ( 0 ) ] - S;^(P) 
Xi = 

S V L ( P ) 
(194) 

and (4) an in s ign i f i can t o r f r o z e n a m o u n t of p h a s e change o c c u r r e d as the m i x ­
t u r e e x h a u s t e d out of the choked e x h a u s t duc t ( s e e E q . 54), the m a s s - d e c a y 
h i s t o r i e s in F i g s . 54 and 55 would con t inue to d e c r e a s e at s i m i l a r i n i t i a l r a t e s , 
as s een in F i g s . 91 and 92. F i g u r e s 91 and 92 show tha t th i s did not o c c u r ; 
i n s t ead , the m e a s u r e d flow r a t e s d e c r e a s e d s ign i f ican t ly , even though the 
i n t e r n a l v e s s e l p r e s s u r e w a s n e a r l y c o n s t a n t du r ing th i s t i m e ( s e e F i g s . 8 5 -
89). A blowdown in which the fluid in the e x h a u s t duct i s a s s u m e d to expand 
in a h o m i o g e n e o u s - e q u i l i b r i u m m a n n e r i s a l s o shown in F i g s . 91 and 92 for 
c o m p a r i s o n . The two p a r a m e t e r s tha t c o n t r o l the c r i t i c a l flow r a t e and the 
c r i t i c a l p r e s s u r e r a t i o a r e the u p s t r e a m s t agna t i on p r e s s u r e , which w a s 
m e a s u r e d d i r e c t l y , and the u p s t r e a m fluid qua l i ty . The m e a s u r e d u p s t r e a m 
p r e s s u r e s in t h e s e t e s t s w e r e e s s e n t i a l l y s t a g n a t i o n p r e s s u r e s a s shown in 
Appendix B. The u p s t r e a m fluid qua l i t y w a s i n f e r r e d f r o m the e x p e r i m e n t a l 
m e a s u r e m e n t s . 
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Fig. 91 

Comparison of Predictions of the Homogeneous-
Equilibrium and Homogeneous-frozen Critical-
flow Models for the Remaining Mass for the In­
ternal Vessel Quality Being the Isentropic Quality 
Corresponding to the Measured Pressure in Test 1. 
ANL Neg. No. 900-4957 Rev, 1. 

Fig. 92 

Comparison of Predictions of the Homogeneous-
Equilibrium and Homogeneous-frozen Critical-
flow Models for the Remaining Mass for the In­
ternal Vessel Quality Being the Isentropic Quality 
Corresponding to the Measured Pressure in Test 2. 
ANL Neg. No. 900-4958 Rev. 1. 
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4 . U p s t r e a m F lu id Qua l i t y 

F o u r t e c h n i q u e s for e s t i m a t i n g the fluid qua l i t y at the e n t r a n c e to 
the e x h a u s t duc t w e r e i n v e s t i g a t e d , and the m e t h o d s w e r e e v a l u a t e d by using 
e a c h in d e t e r m i n i n g the i n t e g r a t e d e n e r g y l o s t f r o m the s y s t e m d u r i n g the 
blowdown. 

The f i r s t two t e c h n i q u e s w e r e to a s s u m e tha t the r e m a i n i n g fluid 
i n s i d e the v e s s e l w a s a lways u n i f o r m l y d i s p e r s e d , and tha t t h i s fluid expanded 
in an i s e n t r o p i c and i s e n t h a l p i c e q u i l i b r i u m m a n n e r as d i c t a t e d by E q s . 177 
and 179. The i s e n t r o p i c and i s e n t h a l p i c e q u i l i b r i u m q u a l i t i e s of the remain ing 
fluid b a s e d on the m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e a r e shown in F i g s . 93 
and 94. F i g u r e s 91 and 92 show t h a t the a s s u m p t i o n of an i s e n t r o p i c expansion 
of the r e m a i n i n g fluid wi th in the v e s s e l did not a d e q u a t e l y p r e d i c t the m e a s u r e d 
m a s s - d e c a y h i s t o r i e s . An e n e r g y b a l a n c e on the s y s t e m , g i v e n b y Eq . 12, using 
the i s e n t r o p i c ups t r eami qua l i ty f r o m Eq . 194 and the m e a s u r e d c r i t i c a l flow rates 
i nd i ca t ed tha t only about 92% of the i n i t i a l e n e r g y con ta ined wi th in the v e s s e l 
had been e x h a u s t e d , as s e e n in T a b l e s II and III. When the m a x i m u m equi l ib­
r i u m u p s t r e a m fluid qua l i t y ( the i s e n t h a l p i c qua l i ty given by E q . 180) was used 
wi th the m e a s u r e d c r i t i c a l flow r a t e s , i t a l s o i n d i c a t e d tha t only about 93% of 
the in i t i a l e n e r g y i n v e n t o r y wi th in the v e s s e l had been e x h a u s t e d . 

The t h i r d m e t h o d w^as to a s s u m e the b lowdown w a s s t r a t i f i ed ; i .e. , 
the effluent w a s a lways s a t u r a t e d l iqu id . An e n e r g y b a l a n c e on the s y s t e m 

0.25 

^0.20 
1— 

§ 0.15 
o 

= 0.10 

0.05 

0 

1 1 1 1 1 1 

' \ /-INFERRED / 

/ \ p/y-
/ ISENTHALPIC^ / 

P ^..---'' ' '^ ^ISENTROPIC 

-d:o^ 
1 1 1 1 1 1 

0.5 1.0 1.5 

T IME,sec 

2.0 2.5 

0.35 

0.30 

0.25 

b 0.20 

13 

Olfi 

LU
ID

 

010 

0.05 

0 

1 

1 

1 1 1 1 t 

? 
INFERRED-^ / 

!\ 1 

1 ^ ^ / / 
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Fig. 93. Comparisonofthe Inferred Fluid Quality 
and the Inlet Isentropic and Isenthalpic 
Qualities at the Inlet Based on the Mea­
sured Pressure in Test 1, ANL Neg. 
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Fig. 94. Comparison ofthe Inferred Fluid Quality 
and the Inlet Isentropic and Isenthalpic 
Qualities at the Inlet Based on the Mea­
sured Pressure in Test 2. ANL Neg. 
No. 900-4981 Rev. 1. 
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TABLE I I . Comparison of Energy Remaining in Vessel with Upstream Fluid Quality in Test 1 
(ANL Neg. No. 900-75-329) 

t 

sec 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

^Qwall 

(0 5 t 1 2.0 sec) 

inferred 

112103 

97688 

84004 

71929 

62112 

54397 

48112 

42762 

37748 

33182 

28745 

20286 

12834 

6164 

1335 

-851 

-1576 

^% too much 
exhausted 

1959 

0.3% too little 
exhausted 

ENERGY REMAINING 

X . . 
isentropic 

112103 

97457 

83455 

71283 

61665 

54454 

48803 

44303 

40481 

37211 

34132 

28122 

22390 

16712 

12017 

9475 

8422 

8% too little 
exhausted 

1959 

9% too little 
exhausted 

, Btu 

isenthalpic 

112103 

97259 

83101 

70793 

61067 

53791 

48063 

43512 

39647 

36347 

33233 

27153 

21354 

15595 

10797 

8177 

7076 

6% too little 
exhausted 

1959 

8% too little 
exhausted 

x=0 . t.^. , 
stratified 

112103 

97721 

84156 

72339 

63003 

56020 

50548 

46212 

42539 

39419 

36496 

30862 

25613 

20623 

16776 

14923 

14258 

^3% too little 
exhausted 

1959 

14)! too little 
exhausted 

TABLE III. Comparison of Energy Remaining in Vessel with Upstream Fluid Quality in Test 2 
(ANL Neg. No. 900-75-328) 

t 

sec 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

^«wall 

(0 i t £ 1.5 sec) 

inferred 

118789 

101601 

84873 

71145 

61133 

53213 

46579 

40671 

35078 

29682 

24572 

15653 

7714 

2171 

-147 

-1105 

-1502 

1% too much 
exhausted 

1919 

O.K too little 
exhausted 

ENERGY REMAINING, 

''isentropic 

118789 

101208 

83809 

69766 

59956 

52751 

47166 

42544 

38458 

34727 

31149 

24344 

17785 

12898 

10840 

10050 

9863 

8% too 1 

exhaus 

1919 

lOX too 1 
exhaus 

ittle 
ted 

ittle 
ted 

, Btu 

"isenthalpic 

118789 

101172 

83738 

69695 

59865 

52631 

47023 

42382 

38279 

34532 

30939 

24106 

17547 

12596 

10480 

9654 

9454 

8% too little 
exhausted 

1919 

105! too 1 
exhaus 

ittle 
ted 

"'"stratified 

118789 

101601 

84973 

71616 

62285 

55432 

50119 

45724 

41865 

38381 

35079 

28946 

23337 

19509 

18091 

17177 

17079 

14% too little 
exhausted 

1919 

16* too little 
exnausted 
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a s s u m i n g the u p s t r e a m qua l i t y w a s a lways z e r o , h o w e v e r , i n d i c a t e d t h a t only 
about 86% of the i n i t i a l e n e r g y i n v e n t o r y had b e e n e x h a u s t e d . None of t h e s e 
r e s u l t s w e r e in a g r e e m e n t wi th the e x p e r i m e n t a l da t a . H e n c e , i t w a s concluded 
tha t the fluid qua l i t y at t he e n t r a n c e to t h e e x h a u s t duc t w a s n e i t h e r z e r o nor the 
u n i f o r m l y d i s p e r s e d v a l u e s a s s u m e d in the fo rego ing c a l c u l a t i o n s . 

The r e m a i n i n g t e c h n i q u e of eva lua t i ng the u p s t r e a m fluid qual i ty 
to the e x h a u s t duct u s e d m a n y of the v a r i o u s m e a s u r e m e n t s . With the m e a s u r e d 
m a s s , t h r u s t , and e n t r a n c e and ex i t p r e s s u r e h i s t o r i e s , t he spec i f i c vo lume at 
the exi t of the e x h a u s t duc t could be e v a l u a t e d f r o m the m o m e n t u m equat ion as 

If i t is a s s u m e d tha t the flow in the e x h a u s t duct w a s homogeneous , 
k = 1, the exi t spec i f ic v o l u m e i s g iven by E q . 185. Since the e x h a u s t duct 
was only t h r e e d i a m e t e r s (3D) long, i t i s c o n s i d e r e d t h a t t h e r e w a s a negligible 
amoun t of p h a s e change in th i s s h o r t l eng th . T h i s m e a n t t h a t the fluid quali ty 
is a s s u m e d c o n s t a n t f r o m the u p s t r e a m l o c a t i o n to w h e r e L = 3D, o r a t the 
exi t of the e x h a u s t duc t . In g e n e r a l , i t w a s c o n s i d e r e d tha t 

~_ -^ V „ - VT ( P f . ) 

If the vapor p h a s e i s a s s u m e d to expand i s e n t r o p i c a l l y f r o m the ups t reami 
loca t ion to the exi t : 

e 

P 

Vi PT 

- i / Y 

^ V . " ^YA ^ (197) 

and the speci f ic vo lume of the l iquid p h a s e i s c o n s i d e r e d to be c o n s t a n t f rom 
the u p s t r e a m to exi t l o c a t i o n s , Eq . 196 c a n be r e c a s t a s 

V L(Pin) 
^ i ^ r^;^ > (198) 

Vy.T\ - VL(Pi^) 

w h e r e T\ i s the c r i t i c a l p r e s s u r e r a t i o . The in l e t s t agna t i on p r e s s u r e , 2P3 in 
t e s t 1 and P j in t e s t 2, and the exi t p r e s s u r e , P14, w e r e u s e d in Eq . 198. The 
loca t ions of t h e s e p r e s s u r e m e a s u r e m e n t s a r e shown in F i g s . 8, 9, and 12. 

The foregoing f o r m u l a t i o n for the in l e t fluid qua l i ty is for h o m o ­
geneous flow in the e x h a u s t duct . F o r n o n h o m o g e n e o u s flow, k > 1, combinat ion 
of the cont inui ty equat ion 

pAu = p y A y u v + P L A ^ U L (199) 
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and a s u m i n a t i o n of the m o m e n t u m flow r a t e s of e a c h p h a s e 

m u = m y u y + rn^UL (200) 

yield a r e l a t i o n for the n o n h o m o g e n e o u s fluid qua l i ty as a function of the 
ve loc i ty r a t i o , k = u y / u ^ , as g iven by 

+ VL(k - 2) 
'V 

+ VL(k - 2) + 4 (V - VT ) 
k - 1 

^ V — - VL(k - 1) 
1/2 

2 [ v v ^ - VL(k - 1)] 
(201) 

The a s s u m p t i o n s in E q s . 196 and 197 can be u s e d in Eq . 201 to d e t e r m i n e the 
u p s t r e a m fluid qua l i t y for the n o n h o m o g e n e o u s c a s e . T a b l e s IV and V d e m o n ­
s t r a t e t ha t the n o n h o m o g e n e o u s qua l i t y i n c r e a s e s wi th i n c r e a s e d ve loc i ty r a t i o . 

F o r t e s t s 1 and 2, the u p s t r e a m fluid qua l i ty d e t e r m i n e d f r o m 
E q s . 196- 198 a r e shown in F i g s . 93 and 94, and a l so in T a b l e s IV and V. An 
e n e r g y b a l a n c e on the s y s t e m u s i n g E q . 12 and the h o m o g e n e o u s i n f e r r e d u p ­
s t r e a m qua l i ty , ( s e e Eq . 198) i n d i c a t e s an e n e r g y b a l a n c e wi th in 1% of the 
in i t i a l e n e r g y i n v e n t o r y in both t e s t s 1 and 2, as s e e n in T a b l e s II and III. When 
the n o n h o m o g e n e o u s u p s t r e a m fluid q u a l i t i e s w e r e u s e d with the n a e a s u r e d 
c r i t i c a l flow r a t e s in an e n e r g y b a l a n c e on the s y s t e m , given by Eq . 12, t hey 
ind ica ted tha t c o n s i d e r a b l y m o r e e n e r g y had been e x h a u s t e d f r o m the s y s t e m 
than in i t i a l l y w a s con ta ined wi th in the s y s t e m ( s e e T a b l e s IV and V). The 
fact tha t t h e r e w a s good a g r e e m e n t , wi th only about 1% m o r e e n e r g y e x h a u s t e d 

t 

sec 

0 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0.90 

1.00 

1.25 

1.50 

1.75 

2.00 

2.25 

TABLE IV. 

ENERGY 
EXHAUSTED 

Comparison 

1.0 

0 

0.002 

0.006 

0.013 

0.031 

0.059 

0.068 

0.130 

0.176 

0.210 

0.217 

0.176 

0.122 

0.120 

0.151 

0.576 

0.3% too 
l i t t l e 

o f I n fe r red Upstream F lu id 
(ANL Neg. No. 900-

1.5 

0 

0.003 

0.008 

0.020 

0.045 

0.084 

0.097 

0.179 

0.236 

0.276 

0.285 

0.236 

0.169 

0.165 

0.205 

0.652 

7% too 
much 

Q 
75 

j a l i t y w i th Vel 
-287) 

in fer red 
Veloc i ty Ratio 

2.0 

0 

0.004 

0.011 

0.026 

0.058 

0.106 

0.121 

0.214 

0.275 

0.317 

0.326 

0.276 

0.203 

0.199 

0.243 

0.684 

10% too 
much 

3.0 

0 

0.006 

0.016 

0.036 

0.078 

0.136 

0.153 

0.255 

0.319 

0.361 

0.370 

0.319 

0.244 

0.240 

0.287 

0.712 

16% too 
much 

o c i t y Rat io in 

4.0 

0 

0.007 

0.020 

0.044 

0.092 

0.154 

0.173 

0.277 

0.341 

0.383 

0.392 

0.342 

0.267 

0.264 

0.311 

0.725 

18% too 
much 

Test 1 

5.0 

0 

0.009 

0.023 

0.050 

0.102 

0.166 

0.185 

0.290 

0.353 

0.395 

0.404 

0.355 

0.280 

0.278 

0.325 

0.732 

20% too 
much 
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TABLE V. Comparison of Inferred Upstream Fluid Quality with Velocity Ratio in Test 2 

(ANL Neg. No. 900-75-288) 

t 

sec 

0 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0.90 

1.00 

1.25 

1.50 

1.75 

2.00 

2.25 

ENERGY 
EXHAUSTED 

1.0 

0 

-
0.006 

0.020 

0.048 

0.098 

0.135 

0.186 

0.227 

0.268 

0.217 

0.169 

0.155 

0.194 

0.331 

0.666 

0.4% too 
little 

1.5 

0 

-
0.008 

0.030 

0.069 

0.137 

0.185 

0.247 

0.296 

0.343 

0.284 

0.227 

0.210 

0.258 

0.412 

0.731 

6% too 
much 

inferred 
Velocity Ratio 

2.0 

0 

-
0.011 

0.039 

0.087 

0.166 

0.220 

0.287 

0.338 

0.386 

0.326 

0.266 

0.248 

0.299 

0.455 

0.758 

10% too 
much 

3.0 

0 

-
0.016 

0.053 

0.114 

0.203 

0.261 

0.330 

0.381 

0.429 

0.369 

0.309 

0.292 

0.344 

0.497 

0.78O 

14% too 
much 

4.0 

0 

-
0.020 

0.063 

0.130 

0.223 

0.282 

0.351 

0.402 

0.449 

0.390 

0.331 

0.315 

0.367 

0.518 

0.790 

16% too 
much 

5.0 

0 

-

0.022 

0.070 

0.140 

0.235 

0.294 

0.362 

0.413 

0.460 

0.402 

0.344 

0.328 

0.381 

0.529 

0.796 

18% too 
much 

fromi the s y s t e m than in i t i a l l y con t a ined when the h o m o g e n e o u s u p s t r e a m 
qua l i ty w a s u s e d , i n d i c a t e s tha t the exhaus t i ng flow w a s n e a r l y h o m o g e n e o u s . 
H e n c e , th i s good a g r e e m e n t in e n e r g y b a l a n c e i n d i c a t e s tha t the dev ia t ion of 
the a c t u a l exhaus t i ng miixture f r o m a h o m o g e n e o u s m i x t u r e w a s s m a l l . Once 
the u p s t r e a m fluid qua l i ty w a s e s t a b l i s h e d , i t and the m e a s u r e d u p s t r e a m 
s t agna t ion p r e s s u r e c o m p l e t e l y define the r e q u i r e d p a r a m e t e r s for ca lcula t ing 
the c r i t i c a l flow r a t e and the c r i t i c a l e x i t - p r e s s u r e r a t i o f r o m a n a l y t i c a l 
m o d e l s . 

The e n e r g y b a l a n c e s in T a b l e s II and III c o n s i d e r no h e a t addit ion 
to the fluid f r o m the sol id s u r f a c e s i n s i d e the v e s s e l , a s deduced f r o m Eq . 182, 
du r ing the t i m e when m o s t of the fluid remia ined wi th in the v e s s e l . If the 
m a x i m u m p o s s i b l e h e a t e x t r a c t e d f r o m the w a l l s i s c a l c u l a t e d f r o m Eq . 182 
o v e r the t i m e p e r i o d f r o m the beg inn ing of the d e c o m p r e s s i o n to when the 
i n t e r n a l v e s s e l p r e s s u r e was n e a r l y down to a t m o s p h e r i c p r e s s u r e , th i s 
would show tha t about 1959 Btu in t e s t 1 and 1919 Btu in t e s t 2 could have 
been e x t r a c t e d f r o m the v e s s e l w a l l s . If t h i s e n e r g y con ten t i s a ccoun ted for 
in T a b l e s II and III, th i s would i n d i c a t e a s l igh t ly b e t t e r e n e r g y ba lance 
when employ ing the h o m o g e n e o u s u p s t r e a m i n f e r r e d fluid qua l i ty , and 
s l igh t ly m o r e d i s a g r e e m e n t in the e n e r g y b a l a n c e s when employ ing the i s en ­
t r o p i c and i s e n t h a l p i c u p s t r e a m q u a l i t i e s , and a l s o the s a t u r a t e d - l i q u i d inlet 
condi t ion . The e n e r g y v a l u e s in T a b l e s IV and V a c c o u n t for the e n e r g y r e ­
m o v e d f r o m the v e s s e l w a l l s . 

F i g u r e s 93 and 94 ind i ca t e tha t ; in both t e s t s , the i n f e r r e d u p s t r e a m 
fluid qual i ty s t a r t e d to d e p a r t s ign i f i can t ly f r o m the e q u i l i b r i u m u p s t r e a m 
q u a l i t i e s at about 300 m s e c . Th i s w a s a f te r the annu lus had in i t i a l l y been 
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n e a r l y vo ided , a s s een in F i g s . 54 and 55; a t t h i s t i m e the voids n e a r the in­
s ide wa l l of the l o w e r i n t e r n a l s k i r t miay have been swept into the d o w n c o m e r 
annulus a long with d i s p e r s e d l iquid f rom the i n t e r i o r of the i n t e r n a l - s k i r t 
r eg ion . It w a s a l s o at about t h i s s a m e t i m e tha t the flow r a t e s s t a r t e d to d e ­
c r e a s e s ign i f i can t ly f rom the in i t i a l v a l u e s as shown in F i g s . 54 and 55. Th i s 
is c o n s i s t e n t , s ince the c r i t i c a l flow r a t e h a s been e x p e r i m e n t a l l y d e m o n s t r a t e d 
to d e c r e a s e s ign i f i can t ly for s m a l l i n c r e a s e s in the u p s t r e a m qua l i ty in the 
v e r y low qua l i ty range . ' ^ ' ^^ 

5. I n t e r p r e t a t i o n of the I n t e r n a l F low R e g i m e 

A nonuniformii ty of fluid dens i t y a p p e a r e d to e x i s t wi th in the v e s s e l 
du r ing t h e s e t w o - p h a s e t e s t s , s t a r t i n g at about 300 misec into the d e c o m p r e s ­
s i o n s . At th i s e a r l y t i m e into the d e p r e s s u r i z a t i o n , when about t h r e e - f i f t h s of 
the in i t i a l fluid m a s s r e m a i n e d wi th in the v e s s e l ( s ee F i g s . 95 and 96), the 
f l o w - r e g i m e t r a n s i t i o n f r o m bubbly to d i s p e r s e d in the d o w n c o m e r annu lus w a s 
n e a r l y c o m p l e t e ( s e e F i g s . 67 and 68). At about th i s s a m e t i m e , s o m e of the 
vapo r p h a s e ad j acen t to the i n n e r wa l l of the lower i n t e r n a l s k i r t m a y have been 
swept up the d o w n c o m e r annu lus a long with d i s p e r s e d l iquid f r o m the i n t e r i o r 
of the i n t e r n a l s k i r t t o w a r d the e n t r a n c e to the exhaus t duct . F i g u r e s 56, 57, 
95, and 96 a l s o i n d i c a t e tha t when the mieasu red remiaining m a s s d e c r e a s e d to 
about o n e - f o u r t h o r o n e - t h i r d of the in i t i a l i n v e n t o r y , i t c o r r e s p o n d e d with the 
t h e r m o d y n a m i c - e q u i l i b r i u m - c a l c u l a t e d va lue of the r e m a i n i n g miass a s b a s e d 
on the m e a s u r e d i n t e r n a l v e s s e l p r e s s u r e . At about the samie t i m e , the up ­
s t r e a m fluid qua l i ty r e a c h e d i t s m a x i m u m va lue , and the i n t e r n a l v e s s e l p r e s ­
s u r e and the t h r u s t b e g a n to d e c r e a s e f r o m t h e i r n e a r l y c o n s t a n t v a l u e s . Th i s 
i nd i ca t ed tha t t h e r m o d y n a m i c e q u i l i b r i u m w a s c l o s e l y a p p r o a c h e d . 
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Fig. 96. Normalized Blowdown Characteristics in 
Test 2. ANL Neg. No. 900-5113 Rev. 1. 
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The r e l a t i v e c o i n c i d e n c e of the m a s s d e c a y i n g to about th ree - f i f ths 
of i t s i n i t i a l i n v e n t o r y (which w a s a p p r o x i m a t e l y the t o t a l i n i t i a l m a s s 
m i n u s the m a s s o r i g i n a l l y c o n t a i n e d wi th in the d o w n c o m e r a n n u l u s ) , the infer­
r e d u p s t r e a m qua l i t y s t a r t i n g i t s r a p i d i n c r e a s e above the a v e r a g e bulk quality 
of the fluid i n s i d e the i n t e r n a l s k i r t , t he i s e n t r o p i c qua l i t y , and the s ignif icant 
d e c r e a s e in the c r i t i c a l flow r a t e c o n t r i b u t e d to i n d i c a t i n g t h a t t h e r e was a 
n o n u n i f o r m d i s t r i b u t i o n of fluid d e n s i t y wi th in the v e s s e l . The p r e f e r e n t i a l 
t r a n s p o r t of the v a p o r p h a s e in to the u p p e r annu lus r e g i o n , wh ich p r o b a b l y p ro ­
duced the l a r g e in l e t q u a l i t i e s e x p e r i e n c e d in t h e s e t e s t s , w a s b r o u g h t about 
by the effect of the d o w n c o m e r - a n n u l u s g e o m e t r y . The effect of the downcomer 
g e o m e t r y w a s to f o r c e the fluid down the i n s i d e of the i n t e r n a l s k i r t and up the 
annu lus to r e a c h the e x h a u s t l oca t i on . Once the d o w n c o m e r annu lus w a s ini­
t i a l l y n e a r l y vo ided , th i s g e o m e t r y p r o m o t e d the l i g h t e r p h a s e tha t w a s being 
g e n e r a t e d on the i n s i d e wa l l of the i n t e r n a l s k i r t to e n t r a i n l iquid f r o m within 
the i n t e r n a l - s k i r t r e g i o n and a s c e n d the d o w n c o m e r a n n u l u s . Consequen t ly , 
t he m i x t u r e qua l i ty tha t r e a c h e d the u p p e r annu lus r e g i o n w a s c o n s i d e r a b l y 
g r e a t e r than the a v e r a g e v e s s e l qua l i ty ( the i s e n t r o p i c qua l i ty ) , which was 
e s s e n t i a l l y the condi t ion of the m i x t u r e in the i n t e r i o r of the i n t e r n a l s k i r t . 

The d e c r e a s i n g p o r t i o n of the i n f e r r e d qua l i ty c u r v e s in F i g s . 93 
and 94 did not have a s ign i f i can t effect upon the o v e r a l l e n e r g y b a l a n c e on the 
s y s t e m . F i g u r e s 95 and 96 i n d i c a t e tha t , when the i n f e r r e d qua l i t y w a s at i ts 
m a x i m u m va lue , the m a s s i n v e n t o r y had a l r e a d y d e c r e a s e d to about one-four th 
of i t s i n i t i a l v a l u e , and the flow r a t e s had d e c r e a s e d to about o n e - e i g h t h of 
t h e i r o r i g i n a l m a g n i t u d e in both t e s t s . T h e r e f o r e , the r e g i o n to the r igh t of the 
m a x i m u m in the i n f e r r e d - e n t r a n c e - q u a l i t y c u r v e s c o n t r i b u t e d v e r y l i t t l e to the 
o v e r a l l e n e r g y b a l a n c e . H e n c e , t ha t p o r t i o n of the c u r v e w a s ins ign i f i can t 
c o m p a r e d to the r e g i o n of the c u r v e left of the m a x i m u m when the flow r a t e 
w a s c o n s i d e r a b l y g r e a t e r e a r l i e r in the d e c o m p r e s s i o n . 
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D. C o m p a r i s o n of Our T r a n s i e n t , L a r g e - d u c t , C r i t i c a l - f l o w Data wi th S t e a d y -
s t a t e , S m a l l - d u c t , C r i t i c a l - f l o w Data 

Two i m p o r t a n t q u e s t i o n s yet u n a n s w e r e d conce rn ing the m a x i m u m c o m ­
p r e s s i b l e d i s c h a r g e p h e n o m e n o n dur ing a LOCA a r e (1) w h e t h e r the t w o - p h a s e 
c r i t i c a l - f l o w p h e n o m e n o n is d i f fe ren t in the t r a n s i e n t c a s e than in the s t e a d y -
s ta te c a s e , and (2) w h e t h e r the s i ze of the d i s c h a r g e duct h a s any effect upon 
the phenomenon . T h e s e q u e s t i o n s a r e p a r t i c u l a r l y i m p o r t a n t f r o m the p h y s i c a l 
s tandpoin t and a l s o f r o m the mode l i ng v iewpoin t of u n d e r s t a n d i n g the p h e n o m e ­
non. If t he t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n o n is the s a m e in the t r a n s i e n t , 
l a r g e - d u c t c a s e as in the s t e a d y - s t a t e , s m a l l - d u c t c a s e , then the b e s t p r e s e n t l y 
ava i l ab le a n a l y t i c a l t e c h n i q u e s tha t have been v e r i f i e d aga in s t the h igh-
r e s o l u t i o n , s t e a d y - s t a t e , s m a l l - d u c t e x p e r i m e n t a l da ta can then be u s e d to 
m o d e l the t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n o n in the t r a n s i e n t , l a r g e - d u c t 
c a s e . 

In t h i s s tudy, the c r i t i c a l flow r a t e was d e t e r m i n e d f r o m the m e a s u r e d 
m a s s - d e c a y h i s t o r i e s as i l l u s t r a t e d in F i g s . 54 and 55. The r e s u l t i n g c r i t i c a l 
flow r a t e s , t o g e t h e r wi th t h e i n f e r r e d u p s t r e a m qua l i t i e s d e t e r m i n e d f r o m 
E q s . 195-198 , w e r e then c o m p a r e d to Neusen^^ and Manee ly ' s^^ s t e a d y - s t a t e , 
s imal l -duct , c r i t i c a l - f l o w r a t e data . The c r i t i c a l p r e s s u r e r a t i o s f r o m t h e s e 
d e c o m p r e s s i o n s w e r e a l so conapared to N e u s e n and M a n e e l y ' s c r i t i c a l -
p r e s s u r e - r a t i o data . The s t e a m - w a t e r e x p e r i m e n t a l r e s u l t s of Refs . 15 and 
16 w e r e for u p s t r e a m s t agna t ion p r e s s u r e s f r o m 100 to 950 p s i a , and for u p ­
s t reami q u a l i t i e s fromi 0.010 to 0 .2275. N e u s e n and M a n e e l y ' s geomie t r i e s w e r e 
c o n v e r g e n t - d i v e r g e n t , a x i s y m m e t r i c n o z z l e s with 0 . 2 5 3 - and 0 .438- in . t h r o a t 

1 8 

d i a m e t e r s . The s t e a m - w a t e r c r i t i c a l - p r e s s u r e - r a t i o da ta of Deich et al . 
w e r e a l s o u s e d for c o m p a r i s o n . The in le t s t a g n a t i o n p r e s s u r e in Ref. 18 was 
17.6 p s i a , and the in le t q u a l i t i e s w e r e f r o m 0.2 to 1.0. The g e o m e t r y w a s a 
c o n v e r g e n t - d i v e r g e n t , a x i s y m m e t r i c n o z z l e with a 1.281-in. t h r o a t d i a m e t e r . 

F i g u r e s 97 and 98 show tha t t he t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w 
r a t e s in t h e s e b lowdowns c o m p a r e we l l wi th the s t e a d y - s t a t e , s m a l l - d u c t . 
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duct, Critical-flow Rates in Refs. 15 
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c r i t i c a l - f l o w r a t e s . T h e a v e r a g e d i f f e r e n c e b e t w e e n t h e m e a s u r e d t r a n s i e n t , 
l a r g e - d u c t , c r i t i c a l - f l o w r a t e s a n d t h e s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - f l o w 
r a t e s i s a b o u t 19%. T h e s a l i e n t f a c t t o b e r e c o g n i z e d f r o m F i g s . 97 a n d 98 is 
t h a t t h e t w o - p h a s e c r i t i c a l - f l o w r a t e i n t h e t r a n s i e n t , l a r g e - d u c t c a s e a p p e a r s 
t o b e s i m i l a r t o t h a t i n t h e s t e a d y - s t a t e , s m a l l - d u c t c a s e . 

T o d e m o n s t r a t e g o o d c o r r e l a t i o n b e t w e e n a n y t w o s e t s of t w o - p h a s e 
c r i t i c a l - f l o w r e s u l t s , w h e t h e r e x p e r i m e n t a l a n d / o r a n a l y t i c a l , g o o d c o r r e s p o n ­
d e n c e m u s t b e s h o w n b e t w e e n t h e c r i t i c a l t h r o a t - p r e s s u r e r a t i o i n a d d i t i o n to 
t h e c r i t i c a l f l o w r a t e . F i g u r e s 99 a n d 100 c o m p a r e t h e t r a n s i e n t , l a r g e - d u c t , 
c r i t i c a l - e x i t - p r e s s u r e r a t i o s f r o m t h e s e d e c o m p r e s s i o n s w i t h t h e s t e a d y - s t a t e 
s m a l l - d u c t , c r i t i c a l - p r e s s u r e - r a t i o d a t a of N e u s e n , ^ ^ M a n e e l y . ^ ^ a n d D e i c h 
e t a l . i 8 T h e s e f i g u r e s s h o w t h a t t h e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - p r e s s u r e -
r a t i o d a t a f r o m t h e s e t e s t s a l s o c o m p a r e v e r y w e l l w i t h t h e s t e a d y - s t a t e , 
s m a l l - d u c t d a t a t o a n u p s t r e a m q u a l i t y of a b o u t 0 . 0 6 . At t h i s v a l u e of t h e u p ­
s t r e a m q u a l i t y , t h e t r a n s i e n t , l a r g e - d u c t r e s u l t s f r o m t h e s e t e s t s b e g i n to r i s e 
s l i g h t l y a b o v e t h e g e n e r a l t r e n d of t h e s t e a d y - s t a t e , s m a l l - d u c t d a t a . A p o s s i ­
b l e e x p l a n a t i o n f o r t h i s b e h a v i o r i s t h a t t h e l o c a t i o n a t w h i c h t h e e x i t p r e s s u r e 

Fig. 99 

Comparison of the Transient, Large-duct, Critical-
e.xit-pressure Ratio in Test 1 and the Corresponding 
Steady-state, Small-duct, Critical-throat-pressure 
Ratio of Refs. 15 and 16. ANL Neg. No. 900-5077 
Rev. 1. 
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was m e a s u r e d in t h e s e d e c o m p r e s s i o n s w a s p r e s s u r e t ap 14, which w a s 0.78 
of a d i a m e t e r (0.78D) u p s t r e a m of the ac tua l exi t p l ane of the c o n s t a n t - a r e a 
exhaus t duct , a s s e e n in F i g s . 8, 9, and 12. The loca t ion of p r e s s u r e t a p 14 
was an effor t to ob ta in a p r e s s u r e m o r e ind ica t ive of the t r u e , o n e - d i m e n s i o n a l , 
c e n t e r l i n e , c r i t i c a l exi t p r e s s u r e of the flow. The choice 0.78D u p s t r e a m 
was not un ique , but was thought to be sufficient to avoid m o s t of the effect 
of the s t e e p - w a l l p r e s s u r e g r a d i e n t n e a r the exi t p lane of the c o n s t a n t -
a r e a duct , a s i n d i c a t e d s c h e m a t i c a l l y in 
Fig . 101. It h a s been shown^''^'^"^ tha t the 
a t t a c h m e n t of a s m a l l - a n g l e d i v e r g e n c e to 
the exi t of a c o n s t a n t - a r e a duct , r a t h e r than 
a r a p i d d i v e r g e n c e , p e r m i t s a m u c h b e t t e r 
m e a s u r e m e n t of the o n e - d i m e n s i o n a l , c en ­
t e r l i n e , c r i t i c a l exi t p r e s s u r e wi th a wa l l 
p r e s s u r e t ap . Th i s p r e s e n t s the effect of a 
d ive rg ing n o z z l e . If the ax i a l and r a d i a l 
p r e s s u r e d i s t r i b u t i o n s in the n e a r v i c in i ty 
of the exi t of a c o n s t a n t - a r e a duct at c r i t i ­
ca l f lo-wwere i n v e s t i g a t e d , they \vould a p p e a r 
as i n d i c a t e d in F i g s . 101 and 102. H e n c e , 
it b e c o m e s a p p a r e n t tha t to a c c u r a t e l y m e a ­
s u r e the t r u e c e n t e r l i n e exi t p r e s s u r e in a 
c o n s t a n t - a r e a duct at c r i t i c a l flow, e i t h e r a 
s m a l l - a n g l e d i v e r g e n c e m u s t be a t t a c h e d to 
the exi t of the duct , or the wa l l p r e s s u r e t a p 
n e a r the exi t m u s t be m o v e d s l igh t ly u p ­
s t r e a m of the a c t u a l exi t . The a t t a c h m e n t 
of a s m a l l - a n g l e d i v e r g e n c e at the exi t of 
the e x h a u s t duct was u n d e s i r a b l e in t h i s c a s e 
b e c a u s e i t would have i n c r e a s e d the r e s u l t ­
ing th rus t . ^^ T h e r e f o r e , t he l a t t e r m e t h o d 
was u s e d in an effor t to ob ta in a b e t t e r m e a ­
s u r e m e n t of the t r u e c r i t i c a l exi t p r e s s u r e . 
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Fig. 101. Axial Pressure Distribution at Criti­
cal Flow near the Exit of a Constant-
area i^uct Having a Gradual and 
Rapid Divergence Downstream ofthe 
Exit. ANL Neg. No. 900-5085. 
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Radial Pressure Distribution near the Exit 
of a Constant-area Duct at Critical Flow. 
ANL Neg. No. 900-5048. 

SUBSONIC LAYER 

F i g u r e s 99 and 100 show tha t t he t i m e p e r i o d in which the t r a n s i e n t , 
l a r g e - d u c t , c r i t i c a l p r e s s u r e r a t i o s a g r e e d wel l wi th the s t e a d y - s t a t e , s m a l l -
duct , c r i t i c a l - p r e s s u r e - r a t i o da ta w a s the t i m e span in wh ich the m a j o r portion 
of the d e c o m p r e s s i o n o c c u r r e d . In o t h e r w o r d s , for t i m e g r e a t e r than when 
the i n f e r r e d in le t qua l i ty w a s about 0.06, the c r i t i c a l flow r a t e had a l r e a d y de­
c r e a s e d to l e s s than about 2000 I b m / s e c - f t ^ ( see F i g s . 97 and 98), and only 
about 44% of the in i t i a l fluid m a s s r e m a i n e d wi th in the s y s t e m . T h i s indica tes 
tha t t h e s e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l p r e s s u r e r a t i o s did a g r e e v e r y well 
wi th the s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - p r e s s u r e - r a t i o da ta du r ing the 
m a j o r po r t i on of the d e c o m p r e s s i o n . The l a t t e r p e r i o d of the d e p r e s s u r i z a t i o n 
in which the t r a n s i e n t , l a r g e - d u c t , c r i t i c a l p r e s s u r e r a t i o s w e r e s l ight ly grea ter 
than the s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - p r e s s u r e - r a t i o da ta was af ter the 
m o s t r ap id p a r t of the blowdown had o c c u r r e d . 

Anothe r p o s s i b l e exp lana t ion not only for the i n c r e a s e in the t r a n s i e n t 
c r i t i c a l p r e s s u r e r a t i o s above the s t e a d y - s t a t e v a l u e s at h i g h e r in le t qual i t ies , 
but a l s o for the s m a l l e r t r a n s i e n t c r i t i c a l flow r a t e s t h a n the c o r r e s p o n d i n g 
s t e a d y - s t a t e v a l u e s ( see F i g s . 97 and 98), i s the po t en t i a l n o n e q u i l i b r i u m inlet-
fluid effects in the t r a n s i e n t c a s e tha t p r o b a b l y did not ex i s t in the s t eady - s t a t e 
c a s e . Since the t h e r m o d y n a m i c s t a t e of the fluid wi th in the v e s s e l dur ing the 
d e c o m p r e s s i o n i nc ludes a s u p e r h e a t e d l iquid p h a s e , the fluid u p s t r e a m of the 
e n t r a n c e to the d i s c h a r g e duct m a y be in the p r o c e s s of r e l a x i n g t o w a r d an 
e q u i l i b r i u m s t a t e as it a p p r o a c h e s t h e e x h a u s t loca t ion . Th i s would i n c r e a s e 
the c o m p r e s s i b i l i t y of the exhaus t ing m i x t u r e , which would r e d u c e the c r i t i ca l 
flow r a t e and i n c r e a s e the c r i t i c a l p r e s s u r e r a t i o . 

Good c o m p a r i s o n h a s been d e m o n s t r a t e d be tween both the c r i t i c a l flow 
r a t e and the c r i t i c a l exi t p r e s s u r e r a t i o for t h e s e t r a n s i e n t , l a r g e - d u c t exper i ­
m e n t a l r e s u l t s and the s t e a d y - s t a t e , s m a l l - d u c t data . 
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E. C o m p a r i s o n of O the r T r a n s i e n t , L a r g e - d u c t , Cr i t ica l - f lov^ Data with the 
S t e a d y - s t a t e . S m a l l - d u c t , C r i t i c a l - f l o w Data ' 

To m a k e a va l id c o m p a r i s o n of o the r t r a n s i e n t , l a r g e - d u c t , c r i t i c a l -
flow e x p e r i m e n t a l r e s u l t s with the s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - f l o w 
data ' t ha t would r e l a t e to the f indings in th i s i n v e s t i g a t i o n , the data should 
have been a c q u i r e d u n d e r cond i t ions s i m i l a r to t hose in the p r e s e n t study. C o m ­
p a r i s o n shou ld only be m a d e with o the r da ta t ha t w e r e a c q u i r e d with s i m i l a r 
r a t i o s of e x h a u s t flow a r e a to i n t e r n a l v e s s e l flow a r e a , Ag/Abv- and i n t e r n a l 
v e s s e l s u r f a c e a r e a to i n t e r n a l v e s s e l v o l u m e , S/V. The t r a n s i e n t , l a r g e - d u c t 
da ta of o t h e r i n v e s t i g a t i o n s tha t m e e t t h e s e c r i t e r i a a r e c o n s i d e r e d below. 

The t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w r a t e s in one of U n g e r e r ' s ^ ' ' t e s t s 
a r e shown in F i g . 10 3. T h e s e r e s u l t s a r e for a b o t t o m blowdown t h r o u g h a 
c o n v e r g e n t - d i v e r g e n t n o z z l e in which Ag /A^v w a s 0.025 and S/V of the i n t e r n a l 
v e s s e l was about 1 it^/it^. The in i t i a l s t agna t ion condi t ion of the fluid was n e a r l y 
s a t u r a t e d w a t e r at 750 ps i a . T h e s e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w r a t e s a r e 
in g e n e r a l a g r e e m e n t wi th the s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - f l o w r a t e s . 
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Comparison of Ungerer's67 Transient, Large-
duct, Critical-flow Rates for Ag/Abv = 0.025 
and the Corresponding Steady-state, Small-
duct, Critical-flow Rates in Refs. 15 and 16. 
ANL Neg. No. 900-5058. 
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Fig. 104 

Comparison of Ungerer's67 Transient, Large-
duct, Critical-flow Rates for Ag/Abv = 0.013 
and the Corresponding Steady-state, Small-
duct, Critical-flow Rates in Refs. 15 and 16. 
ANL Neg. No. 900-5060. 

5000 

4000 

3000 

2000 

1000 

0 

1 1 

o \ 

\ 

TRANSIENT, 

1 1 

1 

o \ .— 

LARGE 

1 

1 1 1 

BOTTOM BLOWDOWN 

- r - ' 0.013 
A,, 

bv 

- S T E A D Y STATE,SnflALL DUCT_ 

\ \ \ \ 
V \ 

s \ 

DUCT ^ ^ X 

1 1 1 

0 0.05 0.10 0.15 aZO 0.25 

INLET QUALITY 



146 

c o n v e r g e n t - d i v e r g e n t n o z z l e , but wi th A g M b v = 0 .013. The S/V of the i n t e rna l 
v e s s e l was the s a m e in t h i s r u n as in the p r e v i o u s t e s t , and the i n i t i a l s t agna ­
t ion fluid cond i t ions w e r e a l s o the s a m e . T h e s e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l -
flow r a t e s a l s o c o m p a r e wel l wi th the s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - f l o w -

r a t e da ta . The t r a n s i e n t , l a r g e - d u c t , 
c r i t i c a l - f l o w r a t e s w e r e s l i gh t l y l e s s than 
the s t e a d y - s t a t e , s m a l l - d u c t v a l u e s in 
F ig . 104, as t h e y w e r e for p a r t of the de­
c o m p r e s s i o n in F ig . 103. T h i s i s the t r end 
o b s e r v e d in the p r e s e n t s tudy ( see F i g s . 97 
and 98). 
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Fig. 105. Comparison of the Transient,Large-
duct, Critical-flow Rates in the 
CSE Test 7 (Ref. 70) and the Corre­
sponding Steady-state, Small-duct, 
Critical-flow Rates in Refs. 15 and 
16. ANL Neg. No. 900-5045. 

T h e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l -
f l o w r a t e s i n t h e C S E t e s t 7 (Ref. 70) a r e 
s h o w n i n F i g . 105 . T h e s e r e s u l t s a r e fo r 
a b o t t o m b l o w d o w n t h r o u g h a c o n s t a n t - a r e a 
p i p e in w h i c h A g / A b v "" 0 . 0 0 7 . T h e L / D of 
t h e e x h a u s t d u c t w a s a b o u t 8, a n d t h e S / V 
o f t h e i n t e r n a l v e s s e l w a s a b o u t 1.24 it^/it^. 
T h e i n i t i a l s t a g n a t i o n f l u i d c o n d i t i o n w a s 
n e a r l y s a t u r a t e d w a t e r w i t h t h e Po(0) = 
671 p s i a a n d To(0) = 490 °F. T h e s e t r a n ­
s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w r a t e s c o m ­
p a r e w e l l w i t h t h e s t e a d y - s t a t e , s m a l l -
d u c t m e a s u r e m e n t s ; h o w e v e r , t h e y a r e a l s o 
s l i g h t l y l e s s t h a n t h e s t e a d y - s t a t e , s m a l l -
d u c t v a l u e s . 

T h e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w r a t e s i n t h e C S E t e s t 11 (Ref 70) 
a r e s h o w n i n F i g . 106. T h e s e r e s u l t s a r e a l s o f o r a b o t t o m b l o w d o w n f r o m the 
s a m e v e s s e l a n d t h r o u g h t h e s a m e e x h a u s t d u c t w i t h t h e s a m e a r e a r a t i o a s in 
t h e f o r e g o m g r u n . T h e i n i t i a l s t a g n a t i o n c o n d i t i o n of t h e f l u i d w a s n e a r l y 
s a t u r a t e d w a t e r a t Po(0) = 1450 p s i a a n d TofO) = 5 7 5 ° F . T h e s e t r a n s i e n t , 
l a r g e - d u c t , c r i t i c a l - f l o w r a t e s a r e a l s o in g o o d a g r e e m e n t w i t h t h e s t e a d y -
s t a t e , s m a l l - d u c t d a t a . 

Fig. 106 

Comparison of the Transient, Large-duct, Critical-
flow Rates in the CSE Test 11 (Ref. 70) and the Cor­
responding Steady-state, Small-duct, Critical-flow 
Rates in Refs. 15 and 16. ANL Neg. No. 900-5052. 
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T h e i m p o r t a n t point to be r e a l i z e d f r o m t h e s e c o m p a r i s o n s of o the r 
t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w - r a t e r e s u l t s to the s t e a d y - s t a t e , s m a l l -
duct, c r i t i c a l - f l o w - r a t e da ta , and a l s o in the c o m p a r i s o n s o f t h e t r a n s i e n t , 
l a r g e - d u c t , c r i t i c a l - f l o w da ta f r o m the p r e s e n t i n v e s t i g a t i o n to the s t e a d y -
s ta te , s m a l l - d u c t , c r i t i c a l - f l o w r e s u l t s , is tha t the t w o - p h a s e c r i t i c a l - f l o w 
phenomenon a p p e a r s to be e s s e n t i a l l y the s a m e in the t r a n s i e n t , l a r g e - d u c t 
ca se as in the s t e a d y - s t a t e , smia l l -duc t c a s e . The i m p l i c a t i o n of th i s finding 
is tha t the b e s t p r e s e n t l y a v a i l a b l e t w o - p h a s e c r i t i c a l - f l o w a n a l y t i c a l m o d e l s 
that have been v e r i f i e d a g a i n s t t he h i g h - r e s o l u t i o n , s t e a d y - s t a t e , s m a l l - d u c t , 
c r i t i c a l - f l o w da ta can then be va l i d ly e m p l o y e d to m o d e l the t w o - p h a s e c r i t i c a l -
flow p h e n o m e n o n in the t r a n s i e n t , l a r g e - d u c t c a s e . 

F. C o m p a r i s o n of P r e d i c t i o n s to the S t e a d y - s t a t e . S m a l l - d u c t , C r i t i c a l - f l o w 
Data f r o m V a r i o u s C r i t i c a l - f l o w Ana ly t i c a l Mode l s 

B e f o r e the v a r i o u s p r e d i c t i o n s f r o m the t w o - p h a s e c r i t i c a l - f l o w m o d e l 
a r e c o m p a r e d to the t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w data of th i s and o the r 
s t ud i e s , i t i s i n s t r u c t i v e f i r s t to c o m p a r e t h e m to the a v a i l a b l e h i g h - r e s o l u t i o n , 
s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - f l o w data . 

1. C o m p a r i s o n of the H o m o g e n e o u s - e q u i l i b r i u m Mode l to the S t e a d y -
s t a t e , S m a l l - d u c t Data 

F i g u r e 107 c o m p a r e s the p r e d i c t i o n of the h o m o g e n e o u s - e q u i l i b r i u m 
m o d e l for t h e c r i t i c a l flow r a t e [ s ee Sec. III. B. 2 .b( l ) ] to the s t e a d y - s t a t e , s m a l l -
duct, c r i t i c a l - f l o w - r a t e data.^^'^^ The e x p e r i m e n t a l da ta of Re f s . 15, 16, and 18 
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Fig. 107. Comparison ofthe Homogeneous-equilibrium Critical-flow Model 
to the Steam-Water Critical-flow-rate Data of Refs. 15 and 16. 
ANL Neg. No. 900-5064 Rev. 1. 
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w e r e for s t e a m - w a t e r m i x t u r e s . The h o m o g e n e o u s - e q u i l i b r i u m m o d e l u n d e r -
p r e d i c t s the c r i t i c a l flow r a t e at low q u a l i t i e s , but it c o m e s in to b e t t e r a g r e e ­
m e n t wi th the m e a s u r e d c r i t i c a l flow r a t e s at h i g h e r q u a l i t i e s . The 
h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l flow r a t e a p p r o a c h e s the m e a s u r e d c r i t i c a l 
flow r a t e at s u c c e s s i v e l y g r e a t e r q u a l i t i e s as the s t a g n a t i o n p r e s s u r e i s in­
c r e a s e d . The u n d e r p r e d i c t i o n of the c r i t i c a l flow r a t e at low q u a l i t i e s i s due 
to the t h e r m o d y n a m i c e q u i l i b r i u m a s s u m p t i o n in the m o d e l , which b r e a k s down 
due to n o n e q u i l i b r i u m ef fec ts . F i g u r e 108 c o m p a r e s the h o m o g e n e o u s -
e q u i l i b r i u m c r i t i c a l - p r e s s u r e - r a t i o p r e d i c t i o n to the c r i t i c a l - p r e s s u r e - r a t i o 
da ta of Refs . 15, 16, and 18. The m e a s u r e d c r i t i c a l p r e s s u r e r a t i o i s e s s e n ­
t i a l l y i ndependen t of the s t a g n a t i o n p r e s s u r e and i s a l s o a v e r y w e a k function 
of the fluid qua l i ty . The h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l - p r e s s u r e - r a t i o 
p r e d i c t i o n shown in F ig . 108 c o v e r s the s t a g n a t i o n p r e s s u r e r a n g e of the data, 
f r o m 100 to 600 ps i a , and the p r e d i c t i o n i s a l s o e s s e n t i a l l y i ndependen t of the 
s t agna t ion p r e s s u r e . The h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l - p r e s s u r e - r a t i o 
p r e d i c t i o n i s s l igh t ly low in the l o w - q u a l i t y r a n g e , but it m a t c h e s the data 
b e t t e r in the h i g h e r - q u a l i t y r a n g e . 
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Comparison of the Homogeneous-
equilibrium Critical-flow Model to 
the Steam-Water Critical-pressure-
ratio Data of Refs. 15, 16, and 18. 
ANL Neg. No. 900-5066 Rev. 1. 

2. C o m p a r i s o n of t h e H o m o g e n e o u s - f r o z e n M o d e l t o t h e S t e a d y - s t a t e . 
S m a l l - d u c t D a t a 

F i g u r e 109 c o m p a r e s t h e p r e d i c t i o n o f t h e h o m o g e n e o u s - f r o z e n 
m o d e l f o r t h e c r i t i c a l f l o w r a t e [ s e e S e c . I I I . B . 2 . b ( 2 ) ] t o t h e s a m e s t e a d y - s t a t e 
s m a l l - d u c t , c r i t i c a l - f l o w - r a t e da ta .^^ '^^ T h i s p r e d i c t i o n e x h i b i t s a m a x i m u m 
a t l o w i n l e t q u a l i t i e s , a n d t h i s m a x i m u m o c c u r s a t g r e a t e r c r i t i c a l f l ow r a t e s 
a n d a l s o a t g r e a t e r i n l e t q u a l i t i e s a s t h e s t a g n a t i o n p r e s s u r e i s i n c r e a s e d . 
T h e r e a s o n fo r t h e d e c r e a s e i n t h e p r e d i c t e d c r i t i c a l f l ow r a t e a t s m a l l i n l e t 
q u a l i t i e s f o r a g i v e n s t a g n a t i o n p r e s s u r e i s t h a t o n l y t h e k i n e t i c e n e r g y of the 
e x p a n d i n g v a p o r p h a s e i s c o n s i d e r e d i n t h e m o d e l a n d t h e k i n e t i c e n e r g y of 
t h e l i q u i d p h a s e i s i g n o r e d . H e n c e , a t l o w i n l e t q u a l i t i e s , f o r w h i c h t h e k i n e t i c 
e n e r g y of t h e l i q u i d i s a l a r g e f r a c t i o n of t h e t o t a l - s t r e a m k i n e t i c e n e r g y , a 
s i g n i f i c a n t e r r o r i s i n t r o d u c e d i n t o t h e c r i t i c a l - f l o w - r a t e p r e d i c t i o n , a s shown 
i n F i g . 109. T h e h o m o g e n e o u s - f r o z e n c r i t i c a l - f l o w - r a t e p r e d i c t i o n a g r e e s 
w i t h t h e d a t a b e y o n d t h e m a x i m u m p o i n t r e a s o n a b l y w e l l . T h i s i n d i c a t e s t h a t 
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the c r i t i c a l flow r a t e for u p s t r e a m q u a l i t i e s beyond t h e n o n e q u i l i b r i u m in l e t 
r a n g e , 0 < x^ < 0.10, does not d e p a r t fa r f r o m the h o m o g e n e o u s - f r o z e n c r i t i c a l 
flow ra te .^ '^^ ' i^ 
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Fig. 109. Comparison of the Homogeneous-frozen Critical-flow 
Model to the Steam-Water Critical-flow-rate Data of 
Refs. 15 and 16. ANL Neg. No. 900-5539. 

F i g u r e 110 c o m p a r e s t h e h o m o g e n e o u s - f r o z e n p r e d i c t i o n f o r t h e 
c r i t i c a l p r e s s u r e r a t i o t o t h e s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l - p r e s s u r e -
r a t i o d a t a of R e f s . 15 , 16, a n d 18. T h e p r e d i c t e d c r i t i c a l p r e s s u r e r a t i o d e ­
c r e a s e s a t l o w q u a l i t i e s b e c a u s e t h e k i n e t i c e n e r g y of t h e l i q u i d i s n e g l e c t e d . 
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Fig. 110. Comparison of the Homogeneous-frozen Critical-flow 
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of Refs. 15, 16, and 18. ANL Neg. No. 900-5526. 
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The p r e d i c t i o n for the c r i t i c a l p r e s s u r e r a t i o does not r i s e as h igh a s the 
m e a s u r e d c r i t i c a l p r e s s u r e r a t i o , even at l a r g e r in le t q u a l i t i e s , b e c a u s e 
t h e r e i s a s s u m e d to be no f lash ing in the duct . T h e r e f o r e , t h e fluid i s not as 
c o m p r e s s i b l e a s it a c tua l l y would be wi th m a s s t r a n s f e r o c c u r r i n g , and the 
p r e d i c t e d c r i t i c a l p r e s s u r e r a t i o is t hen l e s s t han g iven by the da ta , and t h e 
c r i t i c a l flow r a t e i s s l igh t ly g r e a t e r t h a n the da ta ( s ee F ig . 109). 

3. C o m p a r i s o n of the H e n r y - F a u s k e ^ Model to the S t e a d y - s t a t e , 

S m a l l - d u c t Data 

F i g u r e 111 c o m p a r e s the p r e d i c t i o n o f t h e H e n r y - F a u s k e m o d e l 
for c r i t i c a l flow r a t e [ s ee Sec . III. B. 2.b(d)] and t h e c r i t i c a l - f l o w - r a t e da ta of 
Refs . 15 and 16 for s t agna t ion p r e s s u r e s f r o m 100 to 500 ps i a . The c o m p a r i ­
son i s qui te good. F i g u r e 112 c o m p a r e s the H e n r y - F a u s k e p r e d i c t i o n for the 
c r i t i c a l exit p r e s s u r e r a t i o to the c r i t i c a l - p r e s s u r e - r a t i o da ta of R e f s . 15, 16, 
and 18 for s t agna t ion p r e s s u r e s f r o m 17.6 to 600 p s i a . The m o d e l p r e d i c t i o n 
i s e s s e n t i a l l y independen t of the s t agna t i on p r e s s u r e , as i l l u s t r a t e d in F ig . 112, 
w h e r e the s ing le p r e d i c t i o n shown c o v e r s the s t a g n a t i o n p r e s s u r e r a n g e of the 
da ta . The H e n r y - F a u s k e m o d e l p r e d i c t s both the c r i t i c a l flow r a t e and the 
c r i t i c a l p r e s s u r e r a t i o of t h e s e h i g h - r e s o l u t i o n , s t e a d y - s t a t e , s m a l l - d u c t , 
c r i t i c a l - f l o w data v e r y wel l . In v iew of the p r e v i o u s d e m o n s t r a t i o n of the 
s i m i l a r i t y of the c r i t i c a l flow r a t e s and the c r i t i c a l p r e s s u r e r a t i o s in the 
t r a n s i e n t , l a r g e - d u c t c a s e and in the s t e a d y - s t a t e , smia l l -duc t c a s e , t he 
H e n r y - F a u s k e m o d e l should a l so p r e d i c t the t r a n s i e n t , l a r g e - d u c t , c r i t i c a l 
flow r a t e s and c r i t i c a l p r e s s u r e r a t i o s qu i te wel l . 
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Fig. 111. Comparison of the Henry-Fauskel Critical-flow Model 
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4. Comipar i son of the Moody^ Model to the S t e a d y - s t a t e . S m a l l - d u c t 
Data 

F i g u r e 113 c o m p a r e s the p r e d i c t i o n of the Moody m o d e l for c r i t i c a l 
flow r a t e [ see Sec . III. B. 2.b(3)] to the s a m e s t e a d y - s t a t e , s m a l l - d u c t , c r i t i c a l -
f l o w - r a t e data.^^'^^ The Moody p r e d i c t i o n u n d e r e s t i m a t e s the m e a s u r e d c r i t i c a l 
flow r a t e s at low q u a l i t i e s and o v e r p r e d i c t s the m e a s u r e d c r i t i c a l flow r a t e s at 
h ighe r q u a l i t i e s . The u n d e r p r e d i c t i o n of the c r i t i c a l flow r a t e at low q u a l i t i e s 
is due to the t h e r m o d y n a m i c e q u i l i b r i u m a s s u m p t i o n in th i s m o d e l , and the 
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o v e r p r e d i c t i o n of the c r i t i c a l flow r a t e at h igh q u a l i t i e s i s due to the p r e d i c t e d 
h igh v e l o c i t y r a t i o k = {^y/^'L)"'- H e n c e , t h e r e a p p e a r s to be s o m e d i s p a r i t y 
b e t w e e n the m e a s u r e d c r i t i c a l flow r a t e s and t h o s e p r e d i c t e d by the Moody 
m o d e l . 

F i g u r e 114 c o m p a r e s the c r i t i c a l - p r e s s u r e - r a t i o p r e d i c t i o n of the 
Moody m o d e l to the c r i t i c a l - p r e s s u r e - r a t i o da ta , i^'^^'^^ The c r i t i c a l - p r e s s u r e -
r a t i o p r e d i c t i o n i s a funct ion of the s t a g n a t i o n p r e s s u r e in t h e l o w - q u a l i t y 
r a n g e , but t h i s d e p e n d e n c e i s d i m i n i s h e d at h i g h e r q u a l i t i e s . The p r e d i c t e d 
c r i t i c a l p r e s s u r e r a t i o i s low c o m p a r e d to the da ta , p a r t i c u l a r l y in the low-
qua l i ty r a n g e . H e n c e , in v i ew of the fo rego ing c o m p a r i s o n s of c r i t i c a l flow 
r a t e and c r i t i c a l p r e s s u r e r a t i o , the Moody m o d e l would p r o b a b l y o v e r p r e d i c t 
the c r i t i c a l flow r a t e and u n d e r p r e d i c t the c r i t i c a l p r e s s u r e r a t i o o v e r m u c h 
of the r a n g e of m o s t t r a n s i e n t , c r i t i c a l - f l o w data . 
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Refs. 15, 16, and 18. ANL Neg. 
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G. Comipar ison of V a r i o u s P r e d i c t i o n s of the C r i t i c a l - f l o w A n a l y t i c a l Model 
to Our T r a n s i e n t , L a r g e - d u c t , C r i t i c a l - f l o w Data 

As e x p e r i m e n t a l l y d e m o n s t r a t e d , the t w o - p h a s e c r i t i c a l - f l o w p h e n o m e ­
non is e s s e n t i a l l y the s a m e in the t r a n s i e n t , l a r g e - d u c t c a s e a s in t h e s t e ady -
s t a t e , s m a l l - d u c t c a s e . It i s t h e r e f o r e i n s t r u c t i v e to c o m p a r e the p r e d i c t i o n s 
of the v a r i o u s c r i t i c a l - f l o w m o d e l s t ha t h a v e b e e n deve loped p r i n c i p a l l y for 
s t e a d y - s t a t e c r i t i c a l flow and v e r i f i e d p r i m a r i l y a g a i n s t s t e a d y - s t a t e , s m a l l -
duct , c r i t i c a l - f l o w data to the t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w da ta f r o m 
th i s i nves t iga t ion . 

In l ight of the nonun i fo rmi ty of the fluid qua l i ty in the i n t e r n a l - s k i r t 
and the d o w n c o m e r - a n n u l u s r e g i o n s of the v e s s e l w i t n e s s e d in t h i s s y s t e m 
dur ing t h e s e d e c o m p r e s s i o n s , the d e p r e s s u r i z a t i o n s had to be a n a l y z e d in 
p r i m a r i l y two s e p a r a t e r e g i o n s of the s y s t e m . The f i r s t was the fluid ac t ion 
ins ide the blowdown v e s s e l in which the flow r e g i m e s in the v a r i o u s s e c t o r s 
of the s y s t e m w e r e deve loped and the e n t r a n c e cond i t ions to the e x h a u s t duct 
w e r e e s t a b l i s h e d . The s e c o n d was the fluid b e h a v i o r in the choked e x h a u s t duct. 
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The u p s t r e a m s t a g n a t i o n - p r e s s u r e h i s t o r i e s in t e s t s 1 and 2 shown in 
F i g s . 115 and 116, and the u p s t r e a m f lu id -qua l i t y h i s t o r i e s in F i g s . 93 and 94, 
w e r e u s e d to e v a l u a t e the c r i t i c a l flow r a t e s and the c r i t i c a l p r e s s u r e r a t i o s 
p r e d i c t e d by the h o m o g e n e o u s - e q u i l i b r i u m . Moody,^ and H e n r y - F a u s k e 
c r i t i c a l - f l o w m o d e l s du r ing t h e d e c o m p r e s s i o n . The h o m o g e n e o u s - f r o z e n 
c r i t i c a l - f l o w m o d e l w a s not c o m p a r e d to t h e s e t r a n s i e n t , l a r g e - d u c t , c r i t i c a l -
flow da ta b e c a u s e the p r e d i c t i o n of the c r i t i c a l p r e s s u r e r a t i o by th i s m o d e l 
does not c o m p a r e we l l wi th e x p e r i m e n t a l da ta ( see F ig . 110). 
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Fig. 115. Pressures Upstream of the Exhaust Duct 
in Test 1. ANL Neg. No. 900-4982. 

Fig. 116. Pressure Upstream of the Exhaust Duct in 
Test 2. ANL Neg. No. 900-5049 Rev. 1. 

The m e a s u r e d and c a l c u l a t e d c r i t i c a l flow r a t e s in t e s t s 1 and 2 a r e 
c o m p a r e d in F i g s . 117 and 118. In both f i g u r e s , t h e h o m o g e n e o u s - e q u i l i b r i u m 
m o d e l b e s t p r e d i c t e d t h e m e a s u r e d c r i t i c a l flow r a t e s af ter the i n i t i a l , low-
qual i ty p e r i o d of t h e d e c o m p r e s s i o n . In the e a r l y p o r t i o n of the blowdown, the 
h o m o g e n e o u s - e q u i l i b r i u m m o d e l t u i d e r p r e d i c t e d t h e c r i t i c a l flow r a t e . Th i s 
is b e c a u s e the m o d e l a s s u m e s e q u i l i b r i u m p h a s e change , but t h e r e w a s a 
p e r i o d at the s t a r t of the d e c o m p r e s s i o n when the in le t fluid qua l i ty w a s s m a l l 
( x i < 0.10) and n o n e q u i l i b r i u m effects p r e v a i l e d . H e n c e , the a c t u a l c r i t i c a l 
flow r a t e is g r e a t e r t han tha t p r e d i c t e d by any e q u i l i b r i u m ca l cu l a t i on . Note 
in F i g s . 117 and 118 tha t , when the h o m o g e n e o u s - e q u i l i b r i u m p r e d i c t i o n for 
the c r i t i c a l flow r a t e did c o m e in to a g r e e m e n t wi th the m e a s u r e d c r i t i c a l flow 
r a t e , only about 40% of the i n i t i a l fluid m a s s r e m a i n e d wi th in the blowdown 
v e s s e l ( s ee F i g s . 54 and 55), and the m e a s u r e d c r i t i c a l flow r a t e had a l r e a d y 
d e c r e a s e d to l e s s t h a n about 1800 I b m / s e c - f t ^ H e n c e , a s fa r a s the c r i t i c a l 
flow r a t e is c o n c e r n e d , m o s t of the d e c o m p r e s s i o n had a l r e a d y b e e n c o m p l e t e d 
by the t i m e the h o m o g e n e o u s - e q u i l i b r i u m p r e d i c t i o n for t h e c r i t i c a l flow r a t e 
a g r e e d wi th the m e a s u r e d c r i t i c a l flow r a t e . The i n t e r n a l v e s s e l p r e s s u r e 
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( s e e F i g s . 115 and 116) s t a r t e d to d e c r e a s e f r o m i t s n e a r l y c o n s t a n t v a l u e at 
about the s a m e t i m e when the h o m o g e n e o u s - e q u i l i b r i u m c r i t i c a l flow r a t e 
a g r e e d wi th the m e a s u r e d c r i t i c a l flow r a t e . Th i s i s c o n s i s t e n t wi th t h e a p p a r ­
ent o c c u r r e n c e of t h e r m o d y n a m i c e q u i l i b r i u m of the r e m a i n i n g fluid ( s ee 
F i g s . 56 and 57). The Moody^ m o d e l s ign i f i can t ly o v e r p r e d i c t s the m e a s u r e d 
c r i t i c a l flow r a t e s for the e n t i r e blowdown in both t e s t s . The H e n r y - F a u s k e 
p r e d i c t i o n for the c r i t i c a l flow r a t e a g r e e s w e l l wi th the t r e n d of the da ta while 
only being s l igh t ly g r e a t e r than t h e m e a s u r e m e n t s for m o s t of the d e c o m p r e s ­
sion. The H e n r y - F a u s k e p r e d i c t i o n for c r i t i c a l flow r a t e w a s a lways equa l to 
or s l igh t ly g r e a t e r t han the m e a s u r e m e n t s for the e n t i r e d e p r e s s u r i z a t i o n . 
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Fig. 117. Comparison of the Measured and Pre­
dicted Critical Flow Rates in Test 1. 
ANL Neg. No. 900-5126 Rev. 1. 

Fig. 118. Comparison of the Measured and Pre­
dicted Critical Flow Rates in Test 2. 
ANL Neg. No. 900-5128 Rev. 1. 

T h e m e a s u r e d a n d c a l c u l a t e d c r i t i c a l e x i t p r e s s u r e r a t i o s in t e s t s 1 and 
2 a r e c o m p a r e d i n F i g s . 119 a n d 120. T h e H e n r y - F a u s k e p r e d i c t i o n of t h e 
o v e r a l l c r i t i c a l - p r e s s u r e - r a t i o h i s t o r y i s b e s t , w i t h b o t h t h e h o m o g e n e o u s -
e q u i l i b r i u m a n d M o o d y p r e d i c t i o n s u n d e r e s t i m a t i n g t h e d a t a . 

T h e m e a s u r e d a n d c a l c u l a t e d r e m a i n i n g f l u i d m a s s w i t h i n t h e b l o w d o w n 
v e s s e l i s s h o w n i n F i g s . 121 a n d 122 . T h e Moody^ p r e d i c t i o n of t h e r e m a i n i n g 
f lu id m a s s d e c r e a s e d v e r y r a p i d l y b e l o w t h e e x p e r i m e n t a l r e s u l t s of b o t h t e s t s 
b e c a u s e of t h e e x c e s s i v e l y h i g h p r e d i c t e d c r i t i c a l f l ow r a t e s , a s s e e n i n 
F i g s . 117 a n d 118 . T h e H e n r y - F a u s k e ' p r e d i c t i o n o f t h e r e m a i n i n g f l u i d m a s s 
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fol lowed the t r e n d of the da ta in t e s t 1 ( s ee F ig . 121) r e a s o n a b l y w e l l , and it 
s l igh t ly u n d e r p r e d i c t e d the m e a s u r e m e n t s in t e s t 2 (see F ig . 122). The r e a s o n 
for t he u n d e r p r e d i c t i o n in t e s t 1 i s b e c a u s e of the c o n s e r v a t i v e p r e d i c t i o n for 
c r i t i c a l flow r a t e p a s t 600 misec, as shown in F ig . 117. The s a m e r e a s o n 
app l i e s to the r e s u l t s in t e s t 2, excep t tha t t h e f l o w - r a t e p r e d i c t i o n w a s m o r e 
c o n s e r v a t i v e in th i s c a s e ( see F ig . 118). The h o m o g e n e o u s - e q u i l i b r i u m p r e ­
d ic t ions of the r e m a i n i n g fluid m a s s in both t e s t s 1 and 2 w e r e c o n s i d e r a b l y 
g r e a t e r t han g iven by the da ta . T h i s i s b e c a u s e of the u n d e r p r e d i c t i o n of the 
c r i t i c a l flow r a t e e a r l y in the blowdown in both t e s t s , as shown in F i g s . 117 
and 118. 
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Fig. 119. Comparison of the Measured and Pre­
dicted Critical Pressure Ratios in Test 1. 
ANL Neg. No. 900-5127. 

Fig. 120. Comparison of the Measured and Pre­
dicted Critical Pressure Ratios in Test 2. 
ANL Neg. No. 900-5125. 
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The m e a s u r e d and calculated th rus t h i s to r i e s in t e s t s 1 and 2 a re com­
pared in Figs. 12 3 and 124. The predicted th rus t h i s tory obtained by employing 
the homogeneous-equi l ibr ium cri t ical-f low model in Eq. 195 agrees with the 
data relat ively well in the la t ter par t of the decompress ion , but the maximum 
in the predicted th rus t h is tory is la ter in t ime than the m e a s u r e m e n t s indicated. 
This is due to the underpredic ted c r i t i ca l flow ra te ear ly in the dep res su r i za ­
tion, as seen in Figs. 117 and 118. The homogeneous-equi l ibr ium-predic ted 
thrus t increased up to this t ime, even with the underpredic ted c r i t i ca l flow 
ra te , because of the increasing fluid quality (see Figs . 93 and 94). The maxi­
mum thrust predicted by using the Moody' cr i t ical-f low model m Eq. 195 was 
considerably g rea te r than the measured maximum thrus t in both t e s t s . The 
Moody-predicted thrust was g rea te r than the measu red thrus t for most of the 
blowdown, except in the lat ter par t of the decompress ion. The predicted maxi­
mum thrust obtained by using the Henry-Fauske^ cr i t ical-f low model m Eq. 195 
was slightly g rea te r than the measu red maximum thrus t in both t e s t s . This 
prediction was also slightly g rea te r than the measu remen t s for most of the 
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blowdown, excep t in the l a t t e r p e r i o d of the d e p r e s s u r i z a t i o n , but it was l e s s 
than the Moody p r e d i c t i o n o v e r t h e e n t i r e d e c o m p r e s s i o n . Of the t h r e e c i t e d 
c r i t i c a l - f l o w a n a l y t i c a l m o d e l s , the m e a s u r e d t h r u s t h i s t o r i e s in t h e s e b low­
downs a r e b e s t p r e d i c t e d wi th the H e n r y - F a u s k e ^ c r i t i c a l - f l o w m o d e l . 

B a s e d on the fo rego ing c o m p a r i s o n s of the v a r i o u s p r e d i c t i o n s of the 
c r i t i c a l - f l o w a n a l y t i c a l m o d e l s to the e x p e r i m e n t a l da ta f r o m th i s i n v e s t i g a ­
t ion , t he H e n r y - F a u s k e ^ c r i t i c a l - f l o w m o d e l b e s t p r e d i c t s the o v e r a l l c h a r a c ­
t e r i s t i c s of the t w o - p h a s e - d e c o m p r e s s i o n phenomenon . 

H. C o m p a r i s o n of P r e d i c t i o n s of V a r i o u s C r i t i c a l - f l o w A n a l y t i c a l Mode l s to 
O t h e r T r a n s i e n t , L a r g e - d u c t , C r i t i c a l - f l o w Data 

As d e m o n s t r a t e d , t h e t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n o n i s e s s e n t i a l l y 
the s a m e in t h e t r a n s i e n t , l a r g e - d u c t c a s e as in the s t e a d y - s t a t e , s m a l l - d u c t 
c a s e . It i s t h e r e f o r e i n s t r u c t i v e to a l s o comipare the p r e d i c t i o n s of v a r i o u s 
c r i t i c a l - f l o w m o d e l s to o t h e r p e r t i n e n t t r a n s i e n t , l a r g e - d u c t , c r i t i c a l - f l o w data . 

As p r e v i o u s l y po in ted out, it i s only r e l e v a n t to t h i s i n v e s t i g a t i o n to 
c o n s i d e r the e x p e r i m e n t a l da ta a c q u i r e d u n d e r s i m i l a r cond i t ions to t h o s e in 
th i s s tudy. H e n c e , c o m p a r i s o n s of a n a l y t i c a l m o d e l s wi l l only be m a d e wi th 
t h o s e da ta t h a t s a t i s fy t h i s c r i t e r i o n , and t h e s e da ta have been p r e s e n t e d in 
Sec. V I L E . 

F i g u r e 125 c o m p a r e s the m e a s u r e d t r a n s i e n t , l a r g e - d u c t , c r i t i c a l flow 
r a t e s in one of U n g e r e r ' s ^ ^ t e s t s wi th the c o r r e s p o n d i n g c a l c u l a t e d c r i t i c a l 
flow r a t e s . T h e s e da ta w e r e for a b o t t o m blowdown t h r o u g h a c o n v e r g e n t -
d i v e r g e n t n o z z l e in wh ich A g / A b ^ w a s 0 .025 and S/V of the i n t e r n a l v e s s e l 
was about 1 f t ' / f t ^ The i n i t i a l s t a g n a t i o n condi t ion of the fluid w a s n e a r l y 
s a t u r a t e d w a t e r at 750 p s i a . F o r m o s t of the d e c o m p r e s s i o n , t he h o m o g e n e o u s -
e q u i l i b r i u m m o d e l m o s t a c c u r a t e l y p r e d i c t s the c r i t i c a l flow r a t e s . E a r l y in 
the d e p r e s s u r i z a t i o n , t he H e n r y - F a u s k e - m o d e l p r e d i c t i o n i s m o r e c o n s e r v a t i v e 
than the h o m o g e n e o u s - e q u i l i b r i u m p r e d i c t i o n , but i t p r e d i c t s c r i t i c a l flow r a t e s 
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t ha t a r e a lways s o m e w h a t g r e a t e r t h a n the m e a s u r e d v a l u e s . F o r m o s t of the 
d e c o m p r e s s i o n , t he Moody m o d e l g r e a t l y o v e r p r e d i c t s t h e m e a s u r e d c r i t i c a l 
flow r a t e s . 

F i g u r e 126 c o m p a r e s the m e a s u r e d t r a n s i e n t , l a r g e - d u c t , c r i t i c a l flow 
r a t e s of Ungerer^^ the p r e d i c t e d c r i t i c a l flow r a t e s in a n o t h e r b o t t o m blowdown 
t h r o u g h a c o n v e r g e n t - d i v e r g e n t n o z z l e but wi th A g / A b v = 0 .013. The S/V of 
the i n t e r n a l v e s s e l was the s a m e in th i s r u n as in the t e s t shown in F i g . 125, 
and the i n i t i a l s t agna t i on fluid condi t ion w a s a l s o t h e s a m e a s in t h e p r e v i o u s 
run. The s a m e t r e n d in the m o d e l p r e d i c t i o n s i s o b s e r v e d in F i g . 126 as m 
F ig . 125. The h o m o g e n e o u s - e q u i l i b r i u m m o d e l m o s t a c c u r a t e l y p r e d i c t s the 
da ta for m o s t of the blowdown, and the Moody m o d e l s ign i f i can t ly o v e r p r e d i c t s 
the m e a s u r e d c r i t i c a l flow r a t e . The H e n r y - F a u s k e m o d e l o v e r p r e d i c t s the 
c r i t i c a l flow r a t e s for m o s t of the d e c o m p r e s s i o n , but i t a g r e e s b e t t e r with the 
da ta t o w a r d the end of the blowdown. The p r e d i c t i o n s of the H e n r y - F a u s k e 
m o d e l a r e a lways g r e a t e r t han the m e a s u r e d c r i t i c a l flow r a t e s and m u c h l e s s 
c o n s e r v a t i v e than the M o o d y - m o d e l p r e d i c t i o n s . 

8 10 12 
TIME, sec 

Fig. 126. Comparison of the Critical-flow-model Predictions to 
Ungerer's"'̂  Transient, Large-duct, Critical-flow-rate 
Data for Ag/Aby = 0.013. ANL Neg. No. 900-4989. 

The m e a s u r e d t r a n s i e n t , l a r g e - d u c t , c r i t i c a l flow r a t e s and the p r e ­
d ic ted c r i t i c a l flow r a t e s in CSE t e s t 7 (Ref. 70) a r e p r e s e n t e d in F ig . 127. 
T h e s e r e s u l t s a r e for a bottomi blowdown t h r o u g h a c o n s t a n t - a r e a duct in which 
Ag/Abv =" 0.007. The L / D of the exhaus t duct was about 8, and the S/V of the 
i n t e r n a l v e s s e l was about 1.24 ft ' /ft^. The in i t i a l s t a g n a t i o n cond i t ion of the 
fluid was n e a r l y s a t u r a t e d w a t e r with Po(0) = 671 p s i a and To(0) = 490°F. 
The h o m o g e n e o u s - e q u i l i b r i u m m o d e l c o n s i d e r a b l y u n d e r p r e d i c t s the c r i t i c a l 
flow r a t e s for m o s t o f t h e d e c o m p r e s s i o n , and the Moody m o d e l o v e r p r e d i c t s 
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the c r i t i c a l flow r a t e s by a c o n s i d e r a b l e m a r g i n du r ing the blowdown. The 
H e n r y - F a u s k e m o d e l o v e r p r e d i c t s t h e c r i t i c a l flow r a t e s e a r l y in the d e c o m ­
p r e s s i o n , but it c o r r e s p o n d s b e t t e r wi th t he m e a s u r e m e n t s l a t e r in the 
d e p r e s s u r i z a t i o n . 
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The m e a s u r e d t r a n s i e n t , l a r g e - d u c t , c r i t i c a l flow r a t e s and the c a l c u l a t e d 
c r i t i c a l flow r a t e s in CSE t e s t 11 (Ref. 70) a r e shown in F ig . 128. T h e s e r e s u l t s 
a r e a l s o for a b o t t o m blowdown f r o m the s a m e v e s s e l and t h r o u g h the s a m e ex ­
h a u s t duct wi th the s a m e a r e a r a t i o a s in CSE t e s t 7. The in i t i a l s t a g n a t i o n con­
di t ion of the fluid was aga in n e a r l y s a t u r a t e d w a t e r but wi th Po(0) = 1450 p s i a 
and To(0) = 575°F. The h o m o g e n e o u s - e q u i l i b r i u m m o d e l b e s t p r e d i c t s the 
m e a s u r e d c r i t i c a l flow r a t e s for m o s t of the d e c o m p r e s s i o n , and the Moody 
m o d e l s ign i f i can t ly o v e r p r e d i c t s the da ta dur ing m o s t of the blowdown. The 
H e n r y - F a u s k e m o d e l p r e d i c t s the m e a s u r e m e n t s m o r e c o n s e r v a t i v e l y t han the 
h o m o g e n e o u s - e q u i l i b r i u m m o d e l e a r l y in the d e c o m p r e s s i o n , but c o n s i d e r a b l y 
l e s s c o n s e r v a t i v e l y t h a n t h e Moody m o d e l for the bulk of the d e p r e s s u r i z a t i o n . 

Fig. 128 

Comparison of the Critical-flow-model Pre­
dictions to the Measured, Transient, Large-
duct, Critical Flow Rates in the CSE Test 11.'̂ 0 
ANL Neg. No. 900-5089. 
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In e v a l u a t i n g the a p p l i c a b i l i t y of the fo rego ing t w o - p h a s e c r i t i c a l - f l o w 
a n a l y t i c a l m o d e l s to the blowdown t r a n s i e n t b a s e d upon the p r e v i o u s r e s u l t s , 
it b e c o m e s ev iden t t h a t the H e n r y - F a u s k e model^ b e s t p r e d i c t s t h e o v e r a l l d e ­
c o m p r e s s i o n phenomienon once the u p s t r e a m s t a g n a t i o n fluid cond i t i ons a r e 
known. 
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VIII. CONCLUSIONS AND R E C O M M E N D A T I O N S 

A. C o n c l u s i o n s 

E x p e r i m e n t a l da ta and c o m p a r i s o n s of a n a l y t i c a l m o d e l s h a v e been 
p r e s e n t e d for t h e b lowdown of i n i t i a l l y n e a r l y i s o t h e r m a l , s a t u r a t e d w a t e r 
f r o m a s m a l l p r e s s u r e v e s s e l . The v e s s e l , wh ich had an a s s e m b l e d i n t e r n a l 
v o l u m e of 5.40 it\ con ta ined i n t e r n a l g e o m e t r y in the f o r m of a " s k i r t " tha t 
p r o v i d e d a v a r y i n g flow a r e a to t h e fluid as it ex i t ed f r o m t h e s y s t e m . The 
b r e a k in the s y s t e m s i m u l a t e d a d o u b l e - e n d e d , gu i l lo t ine r u p t u r e m a s h o r t 
e x h a u s t duct o r i g i n a t i n g f r o m t h e u p p e r annu lus r e g i o n of the v e s s e l . E x p e r i ­
m e n t a l d e c o m p r e s s i o n da ta for i n i t i a l l y s a t u r a t e d l iquid cond i t i ons of 290 and 
402 p s i a w e r e p r e s e n t e d . 

Ana ly t i c a l m o d e l s h a v e b e e n deve loped in t h i s s tudy to p r e d i c t t he blow-
down c h a r a c t e r i s t i c s in the s u b c o o l e d - l i q u i d - d e c o m p r e s s i o n r e g i m e , the 
b u b b l e - g r o w t h p e r i o d , and a l so in the d i s p e r s e d r e g i m e of d e p r e s s u r i z a t i o n . 
T h e s e m o d e l s exhib i t good a g r e e m e n t wi th the b lowdown da ta of t h i s and o ther 
s t u d i e s . 

The following c o n c l u s i o n s can be d r a w n f r o m the r e s u l t s of t h i s i n v e s ­
t i ga t i on c o n c e r n i n g the t w o - p h a s e d e c o m p r e s s i o n p h e n o m e n o n . 

1. The t w o - p h a s e blowdown p h e n o m e n o n in a p r e s s u r e v e s s e l should 
be s e p a r a t e d in to two r e l a t e d p h e n o m e n a . The f i r s t i s t he fluid b e h a v i o r in­
s ide the v e s s e l u p s t r e a m of the e n t r a n c e to t h e e x h a u s t duct . T h e l o c a l flow 
r e g i m e , p r e s s u r e , and fluid qua l i ty in each s e c t o r of the s y s t e m c o n t r i b u t e to 
e s t a b l i s h i n g the s t a t e of the fluid at t he e n t r a n c e to the e x h a u s t duct . The 
p a r a m e t e r s of p r i m a r y i m p o r t a n c e at the in l e t t o t h e e x h a u s t duct a r e t h e inlet 
s t agna t ion p r e s s u r e and the in le t fluid qua l i ty . The s e c o n d p h e n o m e n o n of 
i n t e r e s t is t he fluid b e h a v i o r in the choked e x h a u s t duct , w h e r e t w o - p h a s e 
c r i t i c a l flow is the l imi t ing c r i t e r i o n . The in l e t cond i t ions f r o m the v e s s e l 
con t ro l t he c r i t i c a l - f l o w p h e n o m e n o n in the e x h a u s t duct . 

2. The n a t u r e of the i n t e r n a l v e s s e l p r e s s u r e h i s t o r y e a r l y in a d e ­
c o m p r e s s i o n i s a funct ion of the i n t e r n a l v e s s e l s u r f a c e a r e a and the i n t e r n a l 
v e s s e l vo lume . A s y s t e m with m u c h i n t e r n a l s u r f a c e a r e a would p r o m o t e the 
e s t a b l i s h m e n t of a n e a r l y t h e r m o d y n a m i c e q u i l i b r i u m s t a t e soon a f t e r t h e 
s t a r t of blowdown. F o r a s m a l l r a t i o of i n t e r n a l v e s s e l s u r f a c e a r e a to i n t e r ­
na l v e s s e l v o l u m e , s o m e r e m a i n i n g l iquid wi th in the sys temi wi l l be loca l ly 
s u p e r h e a t e d , and bubbles o r ig ina t ing f r o m the so l id s u r f a c e s and expanding 
in the s u p e r h e a t e d l iquid wi l l s u s t a i n the i n t e r n a l v e s s e l p r e s s u r e un t i l the 
flow r e g i m e b e c o m e s d i s p e r s e d . 

3. The i n t e r n a l v e s s e l p r e s s u r e h i s t o r y at t he beg inn ing of d e p r e s ­
s u r i z a t i o n is a l so dependen t upon the e x h a u s t flow a r e a f r o m t h e s y s t e m . Fo r 
a s m a l l exit flow a r e a , the s y s t e m p r e s s u r e at t he beg inn ing of b lowdown wil l 
r e c o v e r to n e a r l y the in i t i a l bulk s a t u r a t i o n p r e s s u r e , and then it w i l l be 
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s u s t a i n e d at a p p r o x i m a t e l y th i s p r e s s u r e for m u c h of the r e s t of the d e c o m ­
p r e s s i o n . P h a s e s e p a r a t i o n wi th in the b lowdown v e s s e l wi l l b e c o m e a p p a r e n t 
for s m a l l e r e x h a u s t a r e a s . F o r a l a r g e exi t flow a r e a , t he s y s t e m p r e s s u r e 
h i s t o r y at t h e beg inn ing of d e c o m p r e s s i o n wi l l not r e c o v e r as fa r as in the 
c a s e of a s m a l l e r e x h a u s t a r e a for the s a m e s u r f a c e - t o - v o l u m e r a t i o , and the 
i n t e r n a l v e s s e l p r e s s u r e wi l l d e c r e a s e m o r e r a p i d l y du r ing the r e m a i n d e r of 
the blowdown. The r e m a i n i n g fluid wi l l a l s o d e p r e s s u r i z e in a m o r e h o m o g e ­
neous m a n n e r in the l a t t e r p e r i o d of d e c o m p r e s s i o n for a l a r g e r e x h a u s t a r e a . 
The s y s t e m p r e s s u r e h i s t o r y at t he beginning of blowdown is m o r e s e n s i t i v e 
to the s u r f a c e - t o - v o l u m e r a t i o of the i n t e r i o r of the s y s t e m than i t i s to the 
exhaus t flow a r e a f r o m the s y s t e m . 

4. Choking only o c c u r r e d at t h e exi t of the s y s t e m u s e d in t h i s s tudy, 
and the p r e s s u r e d i s t r i b u t i o n i n s i d e the v e s s e l was n e a r l y u n i f o r m and a p p a r ­
ently was not s ign i f i can t ly af fec ted by the d o w n c o m e r g e o m e t r y . Th i s i n d i c a t e s 
that t h e fluid was not a p p r e c i a b l y c o m p r e s s i b l e a n y w h e r e i n s i d e the v e s s e l u p ­
s t r e a m of the e n t r a n c e to t h e e x h a u s t duct . 

5. A n o n u n i f o r m d i s t r i b u t i o n of fluid qua l i ty d e t e c t e d in the v e s s e l 
was p r o m o t e d by the l a c k of s t r u c t u r a l s u r f a c e a r e a wi th in the i n t e r n a l - s k i r t 
r eg ion , t he d o w n c o m e r flow g e o m e t r y , the a b s e n c e of s ign i f ican t fluid r e s i s ­
t ance at t he b o t t o m of t h e i n t e r n a l s k i r t , and the n e a r l y u n i f o r m p r e s s u r e d i s ­
t r i b u t i o n i n s i d e the v e s s e l . 

6. T h e l iqu id i n s i d e the v e s s e l at the beginning of t h e s e d e c o m p r e s ­
s ions w a s s u p e r h e a t e d , and the l iqu id r e m a i n i n g wi th in the i n t e r n a l - s k i r t 
r eg ion r e m a i n e d in t h i s s t a t e for m o s t of the t i m e t h a t the i n t e r n a l v e s s e l 
p r e s s u r e h e l d at a n e a r l y c o n s t a n t v a l u e . Once the r e m a i n i n g fluid i n s i d e the 
i n t e r n a l - s k i r t r e g i o n b e c a m e d i s p e r s e d , bulk t h e r m o d y n a m i c e q u i l i b r i u m 
was c l o s e l y a p p r o a c h e d . T h i s c a u s e d the i n t e r n a l v e s s e l p r e s s u r e to d e c r e a s e 
f rom i t s p r e v i o u s l y n e a r l y c o n s t a n t v a l u e , and the s y s t e m p r e s s u r e w a s t h e n 
s u s t a i n e d by v a p o r i z a t i o n f r o m s u p e r h e a t e d l iquid d r o p l e t s . 

7. By c o m p a r i s o n of t h e s e and o t h e r p e r t i n e n t t r a n s i e n t , t w o - p h a s e 
c r i t i c a l - f l o w da ta to s t e a d y - s t a t e , t w o - p h a s e c r i t i c a l - f l o w da ta , t he t w o - p h a s e 
c r i t i c a l - f l o w p h e n o m e n o n w a s d e m o n s t r a t e d to be e s s e n t i a l l y the s a m e in both 
the s t e ady s t a t e and t r a n s i e n t c a s e s . 

8. A l s o by c o m p a r i s o n of t h e s e and o t h e r s i m i l a r l a r g e - d u c t , t w o -
p h a s e c r i t i c a l - f l o w da ta to s m a l l , c o n v e r g e n t - d i v e r g e n t n o z z l e , t w o - p h a s e 
c r i t i c a l - f l o w da ta , t he t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n o n w a s shown to be 
e s s e n t i a l l y t h e s a m e in both the s m a l l - and l a r g e - d u c t c a s e s . 

9. S ince the t w o - p h a s e c r i t i c a l - f l o w p h e n o m e n o n h a s b e e n shown to 
be e s s e n t i a l l y the s a m e in the t r a n s i e n t , l a r g e - d u c t c a s e as in the s t e a d y - s t a t e , 
s m a l l - d u c t c a s e , t he b e s t p r e s e n t l y a v a i l a b l e t w o - p h a s e c r i t i c a l - f l o w a n a l y t i c a l 
m o d e l s t ha t w e r e i n i t i a l l y d e v e l o p e d for s t e a d y - s t a t e c r i t i c a l flow can va l i d ly 
be app l i ed in the t r a n s i e n t , l a r g e - d u c t , t w o - p h a s e c r i t i c a l - f l ow c a s e . C o m p a r i s o n 
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o f t h e p r e d i c t i o n s of the a v a i l a b l e t w o - p h a s e c r i t i c a l - f l o w m o d e l s to t h e s e and 
o t h e r s i m i l a r b lowdown da ta i n d i c a t e tha t t he H e n r y - F a u s k e ' c r i t i c a l - f l o w 
m o d e l b e s t p r e d i c t s the c h a r a c t e r i s t i c s o f t h e t w o - p h a s e d e p r e s s u r i z a t i o n 
phenomenon . 

B. R e c o m m e n d a t i o n s for F u t u r e W o r k 

The r e s u l t s of t h i s and o t h e r i n v e s t i g a t i o n s h a v e p r o m o t e d q u e s t i o n s 
tha t should be f u r t h e r i n v e s t i g a t e d in o r d e r to ga in a c l e a r e r u n d e r s t a n d i n g of 
the t h e r m o d y n a m i c s , h e a t t r a n s f e r , and fluid d y n a m i c s of the t w o - p h a s e d e ­
c o m p r e s s i o n phenomenon . S o m e of the key a r e a s t h a t shou ld be i n v e s t i g a t e d 
a r e as fo l lows: 

1. The l oca t i on at which the e x h a u s t p o r t ex i t s f r o m t h e blowdown 
v e s s e l for a g iven i n t e r n a l con f igu ra t ion should be f u r t h e r i n v e s t i g a t e d to 
b e t t e r u n d e r s t a n d i t s effect on the p r o g r e s s i o n o f t h e d e p r e s s u r i z a t i o n p r o c e s s . 
F o r e x a m p l e , d e c o m p r e s s i o n s f r o m a s y s t e m s i m i l a r to t ha t u s e d in t h i s i nves ­
t iga t ion , but wi th the exhaus t duct o r i g i n a t i n g f r o m wi th in t h e u p p e r i n t e r n a l -
s k i r t r e g i o n r a t h e r than f r o m the u p p e r annulus r e g i o n , shou ld be p e r f o r m e d . 

2. F o r v e s s e l g e o m e t r i e s wi th an i n t e r n a l " s k i r t , " c o m b i n a t i o n of 
bo t t om o r i f i ce p l a t e s and i n t e r n a l - s k i r t g e o m e t r y should be s t u d i e d to i n v e s ­
t i g a t e the effect of i n t e r n a l v e s s e l s u r f a c e a r e a and flow r e s i s t a n c e upon the 
flow r e g i m e s deve loped wi th in the v e s s e l dur ing blowdown. 

3. D e c o m p r e s s i o n s should be p e r f o r m e d in a v e s s e l wi th v a r i o u s 
i n t e r n a l g e o m e t r i e s to f u r t h e r eva lua t e the effect of the a m o u n t and conf igu ra ­
t ion of i n t e r n a l s t r u c t u r a l s u r f a c e a r e a on the flow r e g i m e s and p r e s s u r e -
h i s t o r y c h a r a c t e r i s t i c s in the s y s t e m dur ing d e p r e s s u r i z a t i o n . E l e v a t e d 
p r e s s u r e - t e m p e r a t u r e e x p e r i m e n t s should a l s o be p e r f o r m e d in s u c h a g e o m ­
e t r y to d e t e r m i n e if the n o n u n i f o r m f lu id -qua l i ty d i s t r i b u t i o n d e t e c t e d in th i s 
e x p e r i m e n t at t h e s e lower p r e s s u r e s would d i m i n i s h at h i g h e r p r e s s u r e , and 
if the ups t r eami fluid qua l i ty would a p p r o a c h the e q u i l i b r i u m qua l i t y a s the 
in i t i a l s a t u r a t i o n p r e s s u r e of the d e c o m p r e s s i o n i s i n c r e a s e d . T h i s would 
s e r v e as good c o m p a r i s o n for the b u b b l e - g r o w t h blowdown m o d e l p r o p o s e d in 
th i s s tudy. 

4. The p r o p o s e d b u b b l e - g r o w t h blowdown m o d e l can be u s e d to p r e ­
dict the d e c o m p r e s s i o n c h a r a c t e r i s t i c s of an i n i t i a l l y n o n i s o t h e r m a l s y s t e m 
as we l l as an in i t i a l ly i s o t h e r m a l s y s t e m dur ing the b u b b l e - g r o w t h r e g i m e of 
d e p r e s s u r i z a t i o n . It i s s u g g e s t e d tha t t h i s m o d e l be v e r i f i e d in p r e d i c t i n g the 
in i t i a l blowdown c h a r a c t e r i s t i c s of a s y s t e m tha t h a s a s ign i f i can t i n i t i a l t e m ­
p e r a t u r e d i s t r i bu t i on . 

V a r i o u s c o m b i n a t i o n s of the fo rego ing s u g g e s t i o n s a r e n e e d e d to be t t e r 
u n d e r s t a n d the effect of the v e s s e l and i n t e r n a l g e o m e t r y upon the tw^o-phase 
d e c o m p r e s s i o n phenomenon . 
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Data R e d u c t i o n 

In t h i s i n v e s t i g a t i o n , the we igh t and t h r u s t s i g n a l s w e r e of p a r t i c u l a r 
i n t e r e s t . The c o n c e r n with t h e s e two s i g n a l s w a s due to the p o s s i b l e m e c h a n ­
i c a l coupl ing be tween t h e m v ia the blowdown v e s s e l . B a s i c a l l y two t e c h n i q u e s 
w e r e u s e d in r e d u c i n g t h e s e tw^o s i g n a l s . The f i r s t m e t h o d , c a l l e d the i n t e r v a l 
t e c h n i q u e , w a s one in wh ich the s i g n a l w a s i n t e g r a t e d o v e r a c o m p l e t e cyc le of 
v a r i a t i o n f r o m t^ to t^, and then d iv ided by the t i m e i n t e r v a l tj - tj to ob ta in 
the i n t e g r a t e d , m e a n v a l u e of the s i g n a l d u r i n g a g iven cyc le . In th i s s tudy , 
the ana log s i g n a l f r o m the o s c i l l o g r a p h a n d / o r the m a g n e t i c tape w a s m a n u a l l y 
i n t e g r a t e d to d e t e r m i n e the m e a n va lue of the s igna l ove r one c o m p l e t e cyc le 
of v a r i a t i o n . T h i s w a s done for the e n t i r e l i f e t ime of the s igna l , t h u s p r o d u c i n g 
a locus of i n t e g r a t e d , m e a n s i g n a l v a l u e s wi th t i m e . Typ i ca l r e s u l t s d e r i v e d 
f rom t h i s r e d u c t i o n m e t h o d a r e p r e s e n t e d in F i g s . 28 and 29 for the r e m a i n i n g 
m a s s , and in F i g s . 30 and 31 for the t h r u s t . 

The s e c o n d m e t h o d , c a l l e d the span t e c h n i q u e , w a s one in which the 
h a r m o n i c s i g n a l w^as i n t e g r a t e d ove r t i m e for the e n t i r e l i f e t ime of the s i gna l , 
and t h e n the i n t e g r a t e d r e s u l t s w e r e s m o o t h e d with a t h i r d - o r d e r l e a s t - s q u a r e s 
c u r v e fit. 

F i g u r e s A . l and A. 2 show t y p i c a l e x a m p l e s of the i n t e g r a t e d s i g n a l 
ove r t i m e and a l s o the s m o o t h e d r e s u l t s for the r e m a i n i n g fluid m a s s in the 
v e s s e l . F i g u r e s A. 3 and A.4 shoAv s i m i l a r r e s u l t s for the t h r u s t . The i n t e ­
g r a t e d , s m o o t h e d r e s u l t s w e r e then d i f f e r en t i a t ed wi th r e s p e c t to t i m e to 
d e t e r m i n e the va lue of the p a r a m e t e r at v a r i o u s t i m e s . Th i s m e t h o d had the 
effect of i n t e g r a t i n g out the h i g h - f r e q u e n c y n o i s e in the s igna l -while s t i l l 

40 _ £ 

Fig. A.l. The Span-reduction Method of 
the Remaining Mass in Test 1. 
ANL Neg. No. 900-4955. 

Fig. A.2. The Span-reduction Method of 
the Remaining Mass in Test 2. 
ANL Neg. No. 900-4949. 
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Fig. A.3. The Span-reduction Method 
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Fig. A.4. The Span-reduction Method 
of the Thrust in Test 2. ANL 
Neg. No. 900-4954. 

r e t a i n i n g a t r u e r e p r e s e n t a t i o n of the a c t u a l s igna l . T h i s r e d u c t i o n me thod 
should p r o d u c e the s a m e r e s u l t s a s the i n t e r v a l t e c h n i q u e . The r e s u l t s of data 
r e d u c t i o n u s i n g the span t e c h n i q u e a r e a l s o shown in F i g s . 28 and 29 for the 
r e m a i n i n g m a s s , and in F i g s . 30 and 31 for the t h r u s t . The r e s u l t s of t h e s e 
t-wo d a t a - r e d u c t i o n t e c h n i q u e s a r e i ndeed v e r y s i m i l a r . 
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A P P E N D I X B 

V e r i f i c a t i o n of I n t e r n a l V e s s e l P r e s s u r e s Being S tagna t ion P r e s s u r e s 

The t w o - p h a s e c r i t i c a l - f l o w m o d e l s ' ' ^ u sed to p r e d i c t the t r a n s i e n t 
c r i t i c a l d i s c h a r g e p h e n o m e n o n w e r e d e r i v e d on the b a s i s of an u p s t r e a m s t a g ­
nat ion p r e s s u r e . Mos t of the v e r i f i c a t i o n e x p e r i m e n t s for s t e a d y - s t a t e m o d e l s 
have a l s o g e n e r a t e d an u p s t r e a m condi t ion tha t w a s e s s e n t i a l l y s t agnan t . Since 
the u p s t r e a m fluid in t h e s e e x p e r i m e n t s w a s n e a r l y s t agnan t , the u p s t r e a m 
s t a t i c and s t a g n a t i o n p r e s s u r e s w e r e e s s e n t i a l l y equal . It wi l l be shown in 
t h i s a p p e n d i x t h a t the m e a s u r e d u p s t r e a m s t a t i c p r e s s u r e s in the t e s t s r e ­
p o r t e d in t h i s s tudy w^ere a l s o v i r t u a l l y s t agna t ion p r e s s u r e s . 

To i l l u s t r a t e the effect of g e o m e t r y on the ups t r eami p r e s s u r e , c o n s i d e r 
an a x i s y m m e t r i c , c o n v e r g e n t nozz l e as sho^wn in F i g . B. 1. If the flow is a s ­
s u m e d to be o n e - d i m e n s i o n a l , s t e a d y - s t a t e , and i n c o m p r e s s i b l e f rom l o c a ­
t ion 1 to any po in t in the n o z z l e , the p r e s s u r e d r o p m a y be w r i t t e n a s 

Pl - P 
1 2 (B . l ) 

Appl ica t ion of the cont inu i ty equa t ion 

m = pAu 

and s u b s t i t u t i o n for u in Eq. B. 1 y i e ld 

(B.2) 

P , - P = m 

2 p A 
(B.3) 

Since the m a s s flow r a t e m and the dens i t y p a r e c o n s t a n t , Eq. B.3 can be 
f o r m u l a t e d a s 

(Pl - P)A^ = Cons t an t . (B.4) 

© — Fig. B.l 

Schematic of the Exhaust Geometry. 
ANL Neg. No. 900-5076. 

1^ 1.093'— 

© © 
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In t h i s s tudy , the t h r o a t flow a r e a w a s 14.233 in.^ and the flow a r e a 
f r o m loca t ion 1 to l o c a t i o n j ( s ee F ig . B . l ) w a s i d e a l i z e d a s a c i r c u l a r flow 
a r e a , the r a d i u s of wh ich w a s the d i s t a n c e f r o m the e x h a u s t - p o r t c e n t e r l i n e 
to the f l o w - a r e a e n l a r g e m e n t in the d o w n c o m e r a n n u l u s , n a m e l y , 6.312 in. 
( s e e F ig . 7). T h i s p r o d u c e d a flow a r e a of 125 in.^ f r o m l o c a t i o n 1 to l o c a ­
t ion j . If P j i s c o n s i d e r e d to be the p r e s s u r e j u s t i n s i d e the c o n v e r g e n t nozz le 
( see F i g . B . l ) , Eq. B.4 can be w r i t t e n a s 

(Pl - P j ) A ^ = (Pl - P t ) A ^ (B.5) 

f r o m which we deduce t h a t 

(Pl - Pj) = 0 .013(Pi - P t ) . (B-6) 

T h u s , in t h i s g e o m e t r y , only 1.3% of the t o t a l p r e s s u r e d r o p f r o m u p s t r e a m 
to the t h r o a t w a s f r o m loca t i on 1 to l oca t i on j , and 98.7% of the p r e s s u r e d rop 
w a s f r o m loca t i on j to the t h r o a t . T h e r e f o r e , a p r e s s u r e m e a s u r e m e n t at 
l oca t ion 1 ( see F i g s . 8, 9, and 12) w a s v e r y r e p r e s e n t a t i v e of the u p s t r e a m 
s t agna t i on p r e s s u r e at the e x h a u s t - d u c t e n t r a n c e in t h i s s y s t e m . 
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Fig. C. l . Remaining-mass Signal in the Calibration Test. 
ANL Neg. No. 900-5070 Rev. 1. 
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Fig. C.2. Remaining-mass Signal in Test 1. ANL Neg. No. 900-5093 Rev. 1. 
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Fig. C.3. Remaining-mass Signal in Test 2. ANL Neg. No. 900-5081. 
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Overall Thrust Signal in the Calibration Test. 
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